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ABSTRACT
The first research study on the behavior of Glass Fiber-Reinforced Polymer bar reinforced
concrete (GFRP-RC) beams under low-velocity impact loads was conducted at the University
of Wollongong. However, the study was limited to laboratory testing of small-scale GFRP-RC
beams. It investigated only the influence of the longitudinal reinforcement ratio and the
compressive strength of concrete on the behavior of GFRP-RC beams under low-velocity
impact loads. The influence of the shear capacity of the GFRP-RC beams under low-velocity
impact loads was not investigated. Also, the shear reinforcement was fabricated from steel bars
instead of GFRP bars. Moreover, the input impact energies applied to the GFRP-RC beams did
not exceed the quasi-static energy absorption capacities of the beams.
This study investigates the behavior of GFRP-RC beams under overloading impact conditions.
Initially, recommendations in the existing design codes for the design of Fiber-Reinforced
Polymer bar reinforced concrete (FRP-RC) structures were reviewed and the ability of the
design codes to predict the flexural behavior of the GFRP-RC beams was critically investigated.
In addition, numerical investigations on the behavior of GFRP-RC beams under quasi-static
monotonic loads and low-velocity impact loads were carried out and validated with the results
of the previous experimental investigations on the behavior of small scale GFRP-RC beams.
The influence of several parameters, including the impact velocity, impact mass, compressive
strength of concrete, and reinforcement ratio on the behavior of GFRP-RC beams under quasistatic loads and low-velocity impact loads were investigated. Under quasi-static loads, it was
found that longitudinal reinforcement ratio influenced the ultimate loads, midspan deflections
at ultimate loads, and quasi-static energy absorption capacities of the GFRP-RC beams. Under
low-velocity impact loads, it was found that the impact velocity influenced the failure modes,
midspan deflections, and dynamic strains of the GFRP-RC beams.
vii

The main focus of this study is to investigate the shear mechanisms of GFRP bar reinforced
Normal Strength Concrete (GFRP-NSC) beams and GFRP bar reinforced Ultra-High Strength
Concrete (GFRP-UHSC) beams under overloading impact conditions. The overload impact
condition of the GFRP-RC beam is defined as the input impact energy exceeding the quasistatic energy absorption capacity of the beam. Experimental investigations were carried out on
twenty large-scale GFRP-RC beams. All beams were 200 mm in width, 300 mm in depth, and
2400 mm in length. The influence of the shear capacities on the impact response of the GFRPRC beams was investigated. The inertia effects of the GFRP-RC beams were also investigated.
The GFRP shear reinforcement was spaced at 𝐷𝐷�2, 𝐷𝐷�3, and 𝐷𝐷�4 (where D is the beam depth) to

investigate the influence of the shear capacity of the GFRP-RC beam on the failure modes. The
input impact energies subjected to the beams were larger than the quasi-static energy absorption
capacities of the beams.
The results of the experimental investigation revealed that the shear capacities of the GFRPRC beams significantly influenced the failure modes of the beams. Less severe failure modes
were observed for beams with higher shear capacities. Flexural and flexure-shear cracks were
observed in the beams with higher shear capacities, whereas shear cracks were observed in the

beams with lower shear capacities. Also, it was also found that higher shear capacities led to
reduced residual midspan deflections and higher residual load-carrying capacities of the beams.
A damage classification system based on the residual load-carrying capacity of the GFRP-RC
beams was introduced. Design recommendations were provided for GFRP-NSC and GFRPUHSC beams to resist overloading impact conditions. In addition, numerical investigations
were carried out to simulate the behavior of the tested GFRP-NSC beams. The numerical model
accurately captured the behavior of the GFRP-NSC under low-velocity impact loads. It was
found that the impact velocity and shear capacities of the GFRP-RC beams significantly
influenced the failure modes of the beams under overloading impact conditions.
viii
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1.1

Chapter One: Introduction

General background

During the lifespan of Reinforced Concrete (RC) structures, the RC structures may be subjected
to dynamic impact loads. The dynamic impact load is characterized by a high-intensity force
over a short period of time (usually milliseconds) [1]. Impact loads can be broadly classified
into natural and man-made events. The natural events include falling of heavy objects, rock
avalanches, and debris carried by tornados. The man-made events include terrorist attacks,
vehicle crash, and the collision of ships into structures. Cantwell and Morton [2] and Abrate [3]
classified impact loads into: high velocity impacts and low-velocity impacts (impact velocity
not exceeding 10 m/s) depending on the mass and velocity of the object.
The increase in terrorist attacks, plane crashes, and missile attacks during the last few decades
has attracted considerable attention and rising interest on the importance of impact response of
RC structures. The terrorist attacks are usually targeted to vulnerable structures that may cause
considerable damage and loss of lives when collapsed [4]. The behavior of the RC structures
under dynamic loads can be significantly different from the behavior of the RC structures under
quasi-static loads [5, 6]. The behavior of the RC structures under impact loads is complex and
has been an important area of research in the last few decades [7]. Impact loads may cause
catastrophic failure of the RC structures [8]. Therefore, it is essential to understand the dynamic
behavior of the critical structures, such as hospitals, government buildings, nuclear facilities,
power plants, trading centers, and research centers and design these structures to resist impact
loads.
To investigate the impact response of Steel-RC beams, several experimental investigations [1,
5-25] and numerical investigations [15, 26-32] were carried out. Fujikake et al. [5] reported that
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increasing the tensile reinforcement ratio can cause local failure near the impact point in
addition to the global failure. Adhikary et al. [11] reported that an increased severity of the
failure pattern (including diagonal and punching shear cracks) was observed with an increase
in the tensile reinforcement ratio. In addition, the maximum impact load increases with an
increase in the tensile reinforcement ratio. As the tensile reinforcement ratio increases, the
impact resistance of the beam increases as well. Yoo et al. [24] reported that the maximum and
residual deflections of a beam depend on its stiffness. The experiments proved that the beams
with lower longitudinal reinforcement ratios failed under flexure whereas beams with higher
reinforcement ratios failed under shear.
It was reported that Steel-RC beams reinforced with the same amount of longitudinal
reinforcement but lower amount of transverse reinforcement failed in a shear-critical mode,
whereas beams reinforced with higher amount of transverse reinforcement failed in a ductile
flexure-critical mode [13, 21, 33]. In addition, it was found that under impact loads, all beams
regardless of their shear capacities, developed shear plugs. Shear plug is a severe shear crack
originating from the impact point and propagating downwards towards the supports with an
angle of 45 degrees. Saatci and Vecchio [21] reported that in the flexural-critical beams, the
shear plugs developed faster than the support shear cracks and the flexural-critical beams
sustained more damage than the shear-critical beams. This is an indication to the significant
role of the shear capacities in increasing the impact resistance of the RC beams. Saatci and
Vecchio [21] also reported that flexural-critical beams were able to carry the shear forces to the
supports. Subsequent impacts caused the shear plug to propagate more towards the supports
without causing a significant damage in other areas. Also, the overall shear failure of the shearcritical beams was a result of the shear plugs and the shear cracks at the support. Thus, beams
that were designed to be flexural-critical are more likely to fail due to shear plugs whereas
beams designed to be shear-critical are more likely to fail due to shear plug and shear cracks at
2

the supports.
The corrosion of steel bars in Steel-RC structures located in aggressive environments is
considered one of the most common problems that occur in Steel-RC structures. The presence
of the chloride ions in de-icing salts and sea water along the coastal areas leads to the corrosion
of the steel bars [34]. The corrosion of steel bars in the Steel-RC structures leads to a reduction
in the strength and life-span of the Steel-RC structures with significant maintenance costs [35,
36]. Recently, Fiber-Reinforced Polymer (FRP) bars have emerged as suitable replacements for
steel bars, especially in aggressive and corrosive environments. The three common types of
FRP bars are the Glass FRP (GFRP) bars, Carbon FRP (CFRP) bars, and Aramid FRP (FRP)
bars. However, GFRP bars are usually used in RC structures due to their availability and cost.
The FRP bars have several advantages over the steel bars including their light weight, high
tensile strength, electromagnetic neutrality, corrosion resistance, and high strength-to-weight
ratio [37, 38].
The FRP bars rupture and do not have a clear yield point. Therefore, according to the design
codes [39-43], ductility needs to be considered during the design stage. Moreover, FRP bars
have a lower modulus of elasticity than steel bars and design for serviceability often controls
[39-43]. This has led to the development of several design codes, in the past few decades, for
the design of FRP bar reinforced concrete (FRP-RC) structures [39-43].
In the last few decades, the flexural behavior of Glass Fiber-Reinforced Polymer bar reinforced
concrete (GFRP-RC) beams under quasi-static loads has been extensively investigated [28, 34,
44-51]. However, only a few studies investigated the behavior of GFRP-RC beams under lowvelocity impact loads [52-55]. Moreover, no studies investigated the influence of the shear
capacity on the behavior of the GFRP-RC beams under overloading impact conditions.
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1.2

Problem statement

The behavior of Steel-RC beams under low-velocity impact loads has been the focus of many
research studies in the last few decades [5, 7, 12, 13, 16-21, 24, 25]. The influence of the
reinforcement ratios, compressive strength of concrete, and impact velocity of the Steel-RC
beams have been extensively investigated in the literature. It was found that shear failure in
Steel-RC beams occurred regardless of the shear capacity of the beams [21]. It was also found
that the shear reinforcement significantly influenced the failure modes of the Steel-RC beams
[9]. Only a few studies investigated the behavior of GFRP-RC beams under impact loads [52,
53, 55]. These studies were limited to the investigation of the influence of the longitudinal
reinforcement ratio and the compressive strength of concrete on the behavior of GFRP-RC
beams under low-velocity impact loads. Moreover, the existing research studies were carried
out on relatively small-scale GFRP-RC beams. No study has yet investigated the impact
response of large-scale GFRP-RC beams. Also, no study has yet investigated the influence of
the shear capacity on the behavior of GFRP-RC beams under low-velocity impact loads [36,
38].
In the existing research studies on the behavior of GFRP-RC beams under low-velocity impact
loads [53, 56], GFRP-RC beams were subjected to input impact energies smaller than the quasistatic energy absorption capacities of the beams. The quasi-static energy absorption capacity of
the beam was defined as the area under the load-midspan deflection curve [10, 20]. No study
has yet investigated the behavior of the GFRP-RC beams under overloading impact conditions.
This study is devoted to investigate the behavior of GFRP-RC beams under overloading impact
conditions. The shear mechanisms of the GFRP-RC beams under low-velocity impact loads
were investigated. Recommendations were provided for the design of impact-resistant GFRPRC beams. In addition, numerical investigations were carried out to simulate the behavior of
the GFRP-RC beams under low-velocity impact loads.
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1.3

Research objectives

The main objectives of this research study can be briefly outlined in the following points:
1. To use the available experimental results on the GFRP-RC beams under quasi-static loads
[56] to investigate the ability of the design codes to predict the ultimate load, maximum midspan
deflection at ultimate load, and energy absorption capacity of the GFRP-RC beams under quasistatic loads.
2. To use the available experimental results on the GFRP-RC beams under quasi-static loads
and low-velocity impact loads [56] to numerically investigate the behavior of GFRP-RC beams
under quasi-static loads and low-velocity impact loads.
3. To experimentally investigate the behavior of GFRP-RC beams under overloading impact
conditions (input impact energy higher than the quasi-static energy absorption capacity of the
beam).
4. To experimentally investigate the influence of the shear capacity (spacing of 𝐷𝐷�2, 𝐷𝐷�3, and
𝐷𝐷� ,
4

where D is the beam depth) on the behavior of the GFRP-RC beams under overloading

impact conditions in terms of the failure modes, dynamic forces, and dynamic strains in the
GFRP bars.
5. To experimentally investigate the influence of the shear reinforcement on the residual loadcarrying capacities of the GFRP-RC beams. The residual load-carrying capacities of the beams
were measured as the ultimate loads of the GFRP-RC beams after being subjected to impact
loads.
6. To numerically investigate the influence of the impact mass, impact velocity, and input
impact energy on the behavior of the GFRP-RC beams under low-velocity impact loads.
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1.4

Methodology

In order to achieve the objectives of this research study, comprehensive experimental and
numerical investigations were carried out. At the beginning, the flexural behavior of the GFRPRC beams under quasi-static loads was investigated. The results of previous experimental
studies carried out at the University of Wollongong on GFRP-RC beams tested under quasistatic loads were compared with the design codes predictions [40, 43]. Then, numerical models
were developed and calibrated against the experimental results. With the aid of the calibrated
numerical model, the gaps in the literature were identified. Afterwards, experimental
investigations including twenty large scale GFRP-RC beams were carried out to study the
behavior of GFRP-RC beams under high-intensity low-velocity impact loads. In order to
investigate the influence of the shear reinforcement on the behavior of the GFRP-RC beams,
three distinct shear capacities were used in this study. The twenty GFRP-RC beams were
divided into two main groups. One group contained ten Normal Strength Concrete GFRP bar
reinforced concrete (GFRP-NSC) beams and the other group contained ten Ultra-High Strength
Concrete GFRP bar reinforced concrete (GFRP-UHSC) beams. In each of the groups, one beam
each was tested under quasi-static loads as a control beam to determine the load-midspan
deflection behavior. The remaining nine beams were tested under low-velocity impact loads.
The nine beams from each group were divided into three groups as follows:
•

Group 1: included one GFRP-RC beams with spacing of the shear reinforcement of 𝐷𝐷�2,

one GFRP-RC beams with spacing of the shear reinforcement of 𝐷𝐷�3, and one GFRP-RC beams

with spacing of the shear reinforcement of 𝐷𝐷�4. Group 1 beams were subjected to an input
impact energy higher than the quasi-static energy absorption capacity of the beams.
•

Group 2: included one GFRP-RC beams with spacing of the shear reinforcement of 𝐷𝐷�2,

one GFRP-RC beams with spacing of the shear reinforcement of 𝐷𝐷�3, and one GFRP-RC beams
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with spacing of the shear reinforcement of 𝐷𝐷�4. Group 2 beams were subjected to an increasing
input impact energy higher than the impact energy applied to Group 1 beams.
•

Group 3: included one GFRP-RC beams with spacing of the shear reinforcement of 𝐷𝐷�2,

one GFRP-RC beams with spacing of the shear reinforcement of 𝐷𝐷�3, and one GFRP-RC beams

with spacing of the shear reinforcement of 𝐷𝐷�4. Group 3 beams were subjected to an increasing
input impact energy higher than the impact energy applied to Group 2 beams.

Finally, a numerical model was developed and calibrated against the results of the experimental
investigations of this study. This numerical model was then used in a parametric study to
investigate the influence of the impact mass, impact velocity, and impact energy on the behavior
of GFRP-RC beams under low-velocity impact loads.

1.5

Layout of the thesis

This thesis is a compilation of journal articles that have been published throughout the period
of the Ph.D. The published journal articles form the coherent chapters of this thesis. The journal
articles in this thesis are presented in a consistent format throughout the thesis. This thesis is
structured into eight chapters. A brief summary of each individual chapter contained in this
thesis is presented below:
Chapter One presents an introduction on the studies carried out on Steel-RC beams and GFRPRC beams under low-velocity impact loads. A literature review on the impact response of SteelRC beams and GFRP-RC beams was presented. The research gap in the literature was
identified. The research objectives and the methodology carried out to achieve these objectives
were presented. Also, the layout of the thesis was presented.
Chapter Two presents an appraisal of the design codes recommendations on the flexural
behavior of GFRP-RC beams under quasi-static loads. A review of the two popular design
7

codes ACI [40] and CSA [43] was presented. Then, a description of the experimental studies
carried out at the University of Wollongong to investigate the flexural behavior of GFRP-RC
under quasi-static loads was presented. Furthermore, a comparison between the experimental
results and the design code recommendations was presented [36].
Chapter Three presents the numerical investigations on the flexural behavior of GFRP-RC
beams under monotonic quasi-static loads. The development of the numerical model was
discussed. The calibration of the numerical model against the experimental results was
discussed. Moreover, the ability of the numerical model to capture the experimental flexural
response of the GFRP-RC beams was presented by comparing the experimental and numerical
results. Also, a parametric study was carried out to investigate the influence of different
parameters on the flexural behavior of GFRP-RC beams under monotonic quasi-static loads
[38].
Chapter Four presents the numerical investigations on the behavior of GFRP-RC beams under
impact loads. The development of the numerical model was presented, in particular, the bondslip model, structural geometry, material models, and functions used in this study. In addition,
the calibration of the numerical model against the experimental results was presented. Then, a
discussion of the influence of various parameters on the impact response of GFRP-RC beams
was carried out [55].
Chapter Five presents the experimental investigations on the overload damage mechanisms of
GFRP-NSC beams subjected to high-intensity low-velocity impact loads. The experimental
program carried out on ten GFRP-NSC beams was presented. The beams belonging to Groups
1-3 were tested under input impact energies larger than the quasi-static energy absorption
capacity. A detailed discussion on the influence of the shear reinforcement on the failure modes
of the GFRP-NSC beams was presented. A damage classification system based on the residual
load-carrying capacity of the GFRP-NSC beams was introduced. Then, recommendations for
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the design of GFRP-NSC to resist overloading impact loads were presented [57].
Chapter Six presents the damage assessment of GFRP-UHSC beams subjected to overloading
impact conditions. The experimental program carried out on ten GFRP-UHSC beams was
detailed. The beams belonging to Groups 1-3 were tested under input impact energies larger
than the quasi-static energy absorption capacities of the GFRP-UHSC beams. A detailed
analysis of the failure modes of the GFRP-UHSC beams and the influence of the shear capacity
on the failure modes was presented. In addition, a damage classification system based on the
residual load-carrying capacity of the GFRP-UHSC beams was introduced. The
recommendations for the design of GFRP-UHSC to resist overloading impact loads were
presented.
Chapter Seven presents the numerical investigations on the influence of the impact energy on
the failure modes of GFRP-RC beams under low-velocity impact loads. The details of the
numerical model developed were presented and a comparison was carried out between the
numerical and experimental results. Also, a parametric study was carried out to investigate the
influence of the impact mass and impact velocity on the impact response of GFRP-RC beams.
Chapter Eight provides a summary of the research studies and the overall conclusions based on
the experimental and numerical investigations carried out. In addition, the recommendations
for the future studies on GFRP-RC beams under impact loads were presented.
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Preamble
The main objectives of this chapter are to investigate the flexural behavior of the Glass FiberReinforced Polymer bar reinforced concrete (GFRP-RC) beams and to compare the
experimental results with the predictions in the design codes on FRP-RC structures. One of the
most important aspects when designing GFRP-RC beams is the failure mode of the beams. It is
crucial to provide ductility for the GFRP-RC beams prior to failure. The design codes
recommend over-reinforced failure modes of the GFRP-RC beams to provide ductility to the
beams before failing. Extensive experimental investigations were carried out to investigate the
flexural behavior of the GFRP-RC beams. However, there are no studies in the literature that
compare the experimental results with the predictions in the design codes.
The design codes ACI (2015) and CSA (2012) are amongst the most popular design codes for
FRP-RC structures. The design codes have had many updates in the last two decades due to the
large number of experimental and analytical studies that investigated the behavior of FRP-RC
structures. The design codes ACI (2015) and CSA (2012) may be conservative and may underpredict the load-carrying capacity, maximum midspan deflection, and energy absorption
capacity of the beam.
In this chapter, a brief description of the recommendations in the design codes ACI (2015) and
CSA (2012) is presented. Moreover, the results of previous experimental investigations were
analyzed and compared with the predictions of the design codes ACI (2015) and CSA (2012).
After the flexural behavior of GFRP-RC beams was investigated in this chapter, the next
chapter presents the numerical modelling of the flexural behavior of GFRP-RC beams under
quasi-static monotonic loads.
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Abstract
In this paper, two design codes for the flexural design of Fibre Reinforced Polymer (FRP) bar
reinforced concrete beams have been reviewed and compared with the results of the
experimental investigations of eight GFRP (Glass Fibre-Reinforced Polymer) bar reinforced
concrete (GFRP-RC) beams. It has been demonstrated that experimentally determined load
carrying capacities, ultimate deflections and energy absorbing capacities have been overpredicted by the relevant code recommendations for the under-reinforced and balanced GFRPRC beams while being under-predicted for the over-reinforced GFRP-RC beams. This paper
will provide a better understanding on the design methods in the two codes to the designers and
rational suggestions for further improvements to the code design recommendations.
2.1

Introduction

Traditional Reinforced Concrete (RC) structures exposed to highly aggressive environments
are susceptible to corrosion of the steel reinforcement, resulting in the loss of durability and
serviceability. To counteract this problem, Fibre Reinforced Polymer (FRP), as a non-corrosive
material, can substitute traditional steel reinforcement in RC structures. The FRP is a composite
and anisotropic material containing fibres embedded within a polymeric matrix. The advantages
of FRP include high strength to weight ratio, non-conductivity, electromagnetic neutrality, and
non-corrosiveness. Although FRP is currently expensive compared to steel reinforcement, the
low maintenance costs over the service life of the structure may make FRP a feasible option.
The FRP reinforcement can be used in the form of plates or sheets as external reinforcement
[1-3] or as the confinement for RC columns [4, 5]. The FRP bars have been recently used as
the internal reinforcement in concrete beams [6, 7]. The most popular types of FRP bar
reinforcement include Aramid FRP (AFRP), Glass FRP (GFRP), and Carbon FRP (CFRP).
Among these FRP reinforcement bar types, the GFRP bars are the most popular due to their
abundance and relatively low cost. The behaviour of GFRP bar reinforced concrete beams was
17

investigated in recent years [8-21]. It was found that increasing the FRP reinforcement ratio in
GFRP bar Reinforced Concrete (GFRP-RC) beams constructed with normal strength concrete
resulted in a decrease in the ultimate midspan deflection and the crack width [20]. Moreover,
GFRP-RC beams constructed with high strength concrete provided improved load carrying
capacity and reduced deflection compared to GFRP-RC beams constructed with normal
strength concrete [22]. Furthermore, the type of GFRP bar (sand coated, helically grooved, or
deformed) and the bar diameter influenced the bond strength and crack width of GFRP bars
with concrete [23].
Recent research investigations have led to the development of design codes for FRP bars
reinforced concrete (FRP-RC) structures including “Guide for the Design and Construction of
Structural Concrete Reinforced with Fiber-Reinforced Polymer (FRP) Bars” (ACI [24]) and
“Design and construction of building structures with fibre-reinforced polymers” (CSA [25]).
However, the code recommendations for the flexural design of GFRP-RC beams have not been
adequately compared with the experimental investigations results. In this paper, design code
recommendations in ACI [24] and CSA [25] for the flexural design of FRP-RC beams are
reviewed. Experimental investigation results of eight GFRP-RC beams tested under flexural
load have been presented. Recommendations in ACI [24] and CSA [25] for the calculation of
nominal loads, midspan deflections at nominal loads, and Energy Absorption Capacities (EAC)
of GRRP-RC beams are critically compared with the experimental results.

2.2

Review of design recommendations for FRP-RC beams

Mechanical and physical properties of FRP bars are significantly different than those of steel
reinforcement bars. FRP is a linear elastic material whereas steel reinforcement is ductile (Fig.
2.1). The tensile strength of GFRP and CFRP can vary from 483 MPa to 1600 MPa and 600
MPa to 3690 MPa respectively, compared to 483 MPa to 690 MPa for steel reinforcement ACI
18

[24]). However, the elastic modulus of FRP, especially GFRP, is considerably lower than the
elastic modulus of steel reinforcement (35-51 GPa for GFRP and 200 GPa for Steel) (ACI [24]).
Table 2.1 summarises the typical material properties of FRP bars and steel bars according to
ACI [24]. Significant differences in the behaviour of FRP reinforced and traditional steel bar
Reinforced Concrete (Steel-RC) beams have led to the development of design
recommendations for FRP-RC beams [19-23]. According to the FRP design recommendations,
the preferred failure mode of FRP-RC beams was concrete crushing, as the beam experiences
some form of “ductility” and plastic behaviour before failure. Rupture of the FRP bars in tension
can be catastrophic and may occur without any warning and should be avoided (as FRP is a
linear-elastic material). Hence, the design philosophy of FRP-RC beams differs from that of
traditional Steel-RC beams. For traditional Steel-RC beams, yielding of steel before reaching
the moment capacity is essential, as it provides ductility and warning of failure. For FRP-RC
structures, failure due to concrete crushing is preferred since it provides pseudo-ductile failure
and warnings before the collapse of the structure. The following sub-sections (sub-sections
2.2.1 and 2.2.2) provide a review of the current FRP design code recommendations (ACI [24]
and CSA [25]) for FRP-RC beams in terms of the calculation of nominal flexural capacity
(design for flexure) and midspan deflection.
Table 2.1: Nominal tensile properties of the reinforcing bars (ACI [24])
Material properties

GFRP

CFRP

AFRP

Steel

Tensile strength (MPa) 483-1600 600-3690 1720-2540 483-690
Elastic modulus (GPa)

35-51

120-580

41-125

200

Rupture strain (%)

1.2-3.1

0.5-1.7

1.9-4.4

6-12
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Tensile Stress (MPa)

4000
3000

Steel

2000

GFRP

1000

AFRP

0
0

0.02
0.04
Strain (mm/mm)

CFRP

Fig 2.1. Stress-strain behaviour of reinforcement bars based on average values taken from
ACI [24]
2.2.1

American Concrete Institute Guide (ACI [24])

The American Concrete Institute (ACI) Committee 440 developed a guide for the design of
concrete structures with FRP Bars (ACI [24]). The ACI [24] states that the flexural capacity of
FRP-RC beams can be calculated similarly to that of Steel-RC beams. The ACI [24] does not
recommend the use of FRP reinforcement in compression for flexural members due to the lower
compressive strength compared to the tensile strength of FRP bars. Hence, the contribution of
the FRP bars in compression for FRP-RC flexural members was neglected in the design process.
2.2.2

Design for flexure

The recommended failure mode of an FRP-RC member was by concrete crushing (overreinforced section) which was preferred over the failure due to rupture of FRP bars (underreinforced section). This was particularly because if the FRP bars reach the rupture strain (𝜀𝜀𝑓𝑓𝑓𝑓 ),

the failure will be sudden and non-ductile, unlike concrete crushing. For FRP-RC beam, the
balanced reinforcement ratio (𝜌𝜌𝑓𝑓𝑓𝑓 ) can be calculated by Eq. (1).
𝜌𝜌𝑓𝑓𝑓𝑓 = 0.85𝛽𝛽1

𝐸𝐸𝑓𝑓 𝜀𝜀𝑐𝑐𝑐𝑐
𝑓𝑓′𝑐𝑐
𝑓𝑓𝑓𝑓𝑓𝑓 𝐸𝐸𝑓𝑓 𝜀𝜀𝑐𝑐𝑐𝑐 + 𝑓𝑓𝑓𝑓𝑓𝑓

(1)

where, 𝑓𝑓′𝑐𝑐 was the compressive strength of concrete at 28 days; 𝐸𝐸𝑓𝑓 was the modulus of elasticity
of the FRP bar; 𝜀𝜀𝑐𝑐𝑐𝑐 was the ultimate concrete strain (taken as 0.003); 𝑓𝑓𝑓𝑓𝑓𝑓 was the ultimate tensile
20

strength of the FRP reinforcement; and 𝛽𝛽1 was the stress block parameter. The 𝛽𝛽1 parameter

was calculated by Eq. (2).

𝑓𝑓′𝑐𝑐 − 28
𝛽𝛽1 = �0.85 − 0.05 �
�� ≥ 0.65
7

(2)

To ensure the design of an over-reinforced section, the FRP reinforcement ratio (𝜌𝜌𝑓𝑓 ) should be
1.4 times larger than the balanced reinforcement ratio �𝜌𝜌𝑓𝑓 > 1.4𝜌𝜌𝑓𝑓𝑓𝑓 �. The FRP reinforcement
ratio can be computed by Eq. (3)

(3)

𝜌𝜌𝑓𝑓 = 𝐴𝐴𝑓𝑓 ⁄𝑏𝑏𝑏𝑏

where 𝐴𝐴𝑓𝑓 was the area of the FRP tensile reinforcement; 𝑏𝑏 was the width of the beam; and 𝑑𝑑

was the effective depth of the beam.

However, for the FRP bar rupture to occur before concrete crushing, the FRP reinforcement
ratio must be less than the balanced reinforcement ratio (𝜌𝜌𝑓𝑓 < 𝜌𝜌𝑓𝑓𝑓𝑓 ). This is referred to as an
under-reinforced design of an FRP-RC section.

For a balanced failure condition, the FRP tensile reinforcement must reach the rupture strain
simultaneously with concrete crushing �𝜀𝜀𝑓𝑓 = 𝜀𝜀𝑓𝑓𝑓𝑓 with 𝜀𝜀𝑐𝑐𝑐𝑐 = 0.003�, where 𝜀𝜀𝑓𝑓 is the strain in
the FRP bar. The FRP-RC beam was considered balanced when 𝜌𝜌𝑓𝑓𝑓𝑓 ≤ 𝜌𝜌𝑓𝑓 ≤ 1.4𝜌𝜌𝑓𝑓𝑓𝑓 .

For an over-reinforced FRP-RC beam (concrete crushing governs), the rectangular stress block
can be used to compute the nominal flexural capacity (𝑀𝑀𝑛𝑛 ) in terms of the FRP reinforcement
ratio (Eq. (4)).

𝑀𝑀𝑛𝑛 = 𝜌𝜌𝑓𝑓 𝑓𝑓𝑓𝑓 �1 − 0.59

𝜌𝜌𝑓𝑓 𝑓𝑓𝑓𝑓
� 𝑏𝑏𝑑𝑑2
𝑓𝑓′𝑐𝑐

(4)

where 𝑓𝑓𝑓𝑓 was the stress in the FRP reinforcement in tension and must be less than or equal to

the ultimate tensile strength of the FRP reinforcement (𝑓𝑓𝑓𝑓𝑓𝑓 ). The 𝑓𝑓𝑓𝑓 can be calculated by Eq.
(5).
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2

0.85𝛽𝛽1 𝑓𝑓 ′ 𝑐𝑐
�𝐸𝐸𝑓𝑓 𝜀𝜀𝑐𝑐𝑐𝑐 �
𝑓𝑓𝑓𝑓 = �
+
𝐸𝐸𝑓𝑓 𝜀𝜀𝑐𝑐𝑐𝑐 − 0.5𝐸𝐸𝑓𝑓 𝜀𝜀𝑐𝑐𝑐𝑐 ≤ 𝑓𝑓𝑓𝑓𝑓𝑓
4
𝜌𝜌𝑓𝑓

(5)

For an under-reinforced FRP-RC beam (FRP rupture governs), ACI [24] provides a
conservative and simple method for obtaining the nominal flexural capacity (Eq. (6)).
𝑀𝑀𝑛𝑛 = 𝐴𝐴𝑓𝑓 𝑓𝑓𝑓𝑓𝑓𝑓 �𝑑𝑑 −

𝛽𝛽1 𝑐𝑐𝑏𝑏
�
2

(6)

where 𝑐𝑐𝑏𝑏 was the distance from extreme compression fibre to neutral axis at balanced strain

conditions and can be computed by Eq. (7).

𝜀𝜀𝑐𝑐𝑐𝑐
𝑐𝑐𝑏𝑏 = �
� 𝑑𝑑
𝜀𝜀𝑐𝑐𝑐𝑐 + 𝜀𝜀𝑓𝑓𝑓𝑓

(7)

According to ACI [24], the nominal flexural strength of a section (𝑀𝑀𝑛𝑛 ) must exceed the factored
𝑀𝑀

moment � ∅𝑢𝑢 � (Eq. (8)).

𝑀𝑀𝑛𝑛 ≥

𝑀𝑀𝑢𝑢
∅

(8)

A conservative strength reduction factor (∅) in flexure is recommended since FRP-RC beams
should have higher reserve strength to account for the lack of ductility. The graph of the strength

Strength Reudction Factor

reduction factor (∅) as a function of the reinforcement ratio is presented in Fig 2.2.
1

0.8
0.6
0.4
0.2
0

FRP

Concrete

Rupture

Crushing
𝜌𝜌𝑓𝑓𝑓𝑓

1.4𝜌𝜌𝑓𝑓𝑓𝑓

FRP Reinforcement Ratio

Fig 2.2. Strength reduction factor as a function of the reinforcement ratio (ACI [24])
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2.2.3

Calculation of midspan deflection

The calculation of the midspan deflection in ACI [24] is based on the effective second moment
of area, as provided in Eq. (9). The factor 𝛾𝛾 in Eq. (10) is dependent on the load and boundary
conditions and accounts for the length of the uncracked regions of the member and for the
change in stiffness in the cracked regions in the FRP-RC beam. The factor 𝛾𝛾 is presented in Eq.
(10) in terms of the applied moment (𝑀𝑀𝑎𝑎 ) and the cracked moment (𝑀𝑀𝑐𝑐𝑐𝑐 ) provided in Eq. (11).

The second moment of area of cracked section (𝐼𝐼𝑐𝑐𝑐𝑐 ) can be calculated by Eq. (12).
𝐼𝐼𝑒𝑒 =

𝐼𝐼𝑐𝑐𝑐𝑐

𝑀𝑀 2
𝐼𝐼
1 − 𝛾𝛾 � 𝑀𝑀𝑐𝑐𝑐𝑐 � �1 − 𝐼𝐼𝑐𝑐𝑐𝑐 �
𝑎𝑎
𝑔𝑔

≤ 𝐼𝐼𝑔𝑔

(9)

where 𝑀𝑀𝑐𝑐𝑐𝑐 was the cracking moment (Eq. (11)), 𝑀𝑀𝑎𝑎 was applied moment where 𝑀𝑀𝑎𝑎 ≥ 𝑀𝑀𝑐𝑐𝑐𝑐 , and

𝐼𝐼𝑐𝑐𝑐𝑐 was second moment of area of the transformed cracked section.
𝛾𝛾 = 1.72 − 0.72

𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎

𝑀𝑀𝑐𝑐𝑐𝑐 = (1.24 𝐼𝐼𝑔𝑔 �𝑓𝑓 ′ 𝑐𝑐 )/ ℎ

2.3

𝐼𝐼𝑐𝑐𝑐𝑐

𝑏𝑏𝑑𝑑 3 3
=
𝑘𝑘 + 𝑛𝑛𝑓𝑓 𝐴𝐴𝑓𝑓 𝑑𝑑2 (1 − 𝑘𝑘)2
3

(10)

(11)

(12)

Canadian Design Manual (CSA [25])

The CSA [25] provides background information in relation to FRP materials, design process
for flexure and shear, serviceability limit states, development, anchorage and splicing of
reinforcement, placement of reinforcement and constructability and field applications. The
CSA [25] recommends that the contribution of the compressive FRP reinforcement and the
tensile strength of concrete are ignored.
2.3.1

Design for flexure

For the flexural design of FRP-RC beams, CSA [25] recommends concrete crushing failure
when the factored resistance of a section is smaller than 1.6 times the effect of the factored load.
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If the factored resistance of a section is greater than 1.6 times the effect of the factored load,
then failure can be initiated by FRP bar rupture. According to CSA [25], the failure due to
concrete crushing occurs at 𝜀𝜀𝑐𝑐𝑐𝑐 = 0.0035.

In order to calculate the balanced reinforcement ratio of an FRP-RC beam, the concrete
compressive force (𝐶𝐶) and tensile force (𝑇𝑇) are calculated by Eqs. (13) and (14), respectively.
𝐶𝐶 = 𝛼𝛼∅𝑐𝑐 𝑓𝑓 ′ 𝑐𝑐 𝛽𝛽𝑐𝑐𝑏𝑏 𝑏𝑏
𝑇𝑇 = ∅𝑓𝑓 𝐴𝐴𝑓𝑓 𝑓𝑓𝑓𝑓𝑓𝑓

(13)
(14)

where 𝑓𝑓 ′ 𝑐𝑐 was the compressive strength of concrete at 28 days; 𝐴𝐴𝑓𝑓 was the area of FRP

reinforcement; 𝑐𝑐𝑏𝑏 was the depth of the neutral axis; 𝑓𝑓𝑓𝑓𝑓𝑓 was that ultimate stress of the FRP bar;

𝛼𝛼 and 𝛽𝛽 are stress block parameters, which can be calculated by Eq. (15) and Eq. (16),
respectively

𝛼𝛼 = 0.85 − 0.0015𝑓𝑓𝑐𝑐′ ≥ 0.67
𝛽𝛽 = 0.97 − 0.0025𝑓𝑓𝑐𝑐′ ≥ 0.67

(15)
(16)

The FRP reinforcement ratio corresponding to a balanced failure �𝜌𝜌𝑓𝑓𝑓𝑓 � can be calculated by
Eq. (17).

𝜌𝜌𝑓𝑓𝑓𝑓 = 𝛼𝛼𝛼𝛼

∅𝑐𝑐 𝑓𝑓 ′ 𝑐𝑐
𝜀𝜀𝑐𝑐𝑐𝑐
�
�
∅𝑓𝑓 𝑓𝑓𝑓𝑓𝑓𝑓 𝜀𝜀𝑐𝑐𝑐𝑐 + 𝜀𝜀𝑓𝑓𝑓𝑓

(17)

Where the factors ∅𝑐𝑐 and ∅𝑓𝑓 are the material resistance factors for concrete and FRP. The factor
∅𝑐𝑐 was taken as 0.65 for pre-cast concrete and 0.6 for cast in-situ concrete. The factor ∅𝑓𝑓 was
taken as 0.75 for CFRP, GFRP and AFRP.

For the failure due to concrete crushing, equilibrium between the compression and tension
forces must apply (𝐶𝐶 = 𝑇𝑇). The FRP bars do not rupture in this case. Hence, the stress in the
FRP bars was smaller than the ultimate stress �𝑓𝑓𝑓𝑓 < 𝑓𝑓𝑓𝑓𝑓𝑓 �. The stress in the FRP bars of an over-

reinforced FRP-RC beam can be calculated by Eq. (18).
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1

4𝛼𝛼𝛼𝛼∅𝑐𝑐 𝑓𝑓 ′ 𝑐𝑐 2
1
𝑓𝑓𝑓𝑓 = 𝐸𝐸𝑓𝑓 𝜀𝜀𝑐𝑐𝑐𝑐 ��1 +
� − 1�
2
𝜌𝜌𝑓𝑓 ∅𝑓𝑓 𝐸𝐸𝑓𝑓 𝜀𝜀𝑐𝑐𝑐𝑐

(18)

Hence, the nominal flexural capacity (𝑀𝑀𝑛𝑛 ) of an over-reinforced FRP-RC beam can be
calculated by Eq. (19).

𝑀𝑀𝑛𝑛 = 𝑇𝑇 �𝑑𝑑 −

𝛽𝛽𝑐𝑐𝑏𝑏
�
2

where 𝑇𝑇 for an over-reinforced section was calculated by Eq. (20).
𝑇𝑇 = ∅𝑓𝑓 𝐴𝐴𝑓𝑓 𝑓𝑓𝑓𝑓

(19)

(20)

For the failure to be initiated by FRP rupture �𝜀𝜀𝑐𝑐 < 𝜀𝜀𝑐𝑐𝑐𝑐 and 𝜀𝜀𝑓𝑓 = 𝜀𝜀𝑓𝑓𝑓𝑓 �, the stress block
parameters 𝛼𝛼 and 𝛽𝛽 cannot be used since the strain in concrete at compression was lower than

the ultimate compressive strain. Previously, the ISIS (2007) [18] recommended using

equivalent stress block parameters for the compressive strength of concrete between 20 MPa
and 60 MPa. However, CSA [25] recommends the use of strain compatibility and the relevant
stress-strain relationships between concrete and FRP bars. The strain in concrete at compression
can be calculated by Eq. (21).
𝜀𝜀𝑓𝑓𝑓𝑓
𝜀𝜀𝑐𝑐 = 𝑐𝑐𝑏𝑏 �
� < 𝜀𝜀𝑐𝑐𝑐𝑐
𝑑𝑑 − 𝑐𝑐𝑏𝑏

(21)

To avoid failure immediately after cracking, CSA [25] recommends that the nominal flexural
capacity should be 1.5 times greater than the cracking moment (Eq. (22)).
𝑀𝑀𝑛𝑛 ≥ 1.5𝑀𝑀𝑐𝑐𝑐𝑐

(22)

where 𝑀𝑀𝑐𝑐𝑐𝑐 = 𝑓𝑓𝑟𝑟 𝐼𝐼𝑡𝑡 ⁄𝑦𝑦𝑡𝑡 ; 𝑓𝑓𝑟𝑟 is the modulus of rupture of concrete; 𝐼𝐼𝑡𝑡 is the second moment of area

of the transformed uncrack sections about its centroidal axis; and 𝑦𝑦𝑡𝑡 is the distance from the
centroid of uncracked section to extreme surface in tension.
2.3.2

Calculation of midspan deflection

The CSA [25] calculates the midspan deflection of the FRP-RC beam using an effective second
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moment of area. The effective second moment of area of FRP-RC beams was calculated by Eq.
(24). However, if the service load is lower than the cracking load, CSA [25] recommends using
the transformed second moment of area, 𝐼𝐼𝑡𝑡 , for calculating the midspan deflection.
𝐼𝐼𝑒𝑒 =

𝐼𝐼𝑡𝑡 𝐼𝐼𝑐𝑐𝑐𝑐

𝑀𝑀 2
𝐼𝐼𝑐𝑐𝑐𝑐 + �1 − 0.5 � 𝑀𝑀𝑐𝑐𝑐𝑐 � � (𝐼𝐼𝑡𝑡 − 𝐼𝐼𝑐𝑐𝑐𝑐 )

(24)

𝑎𝑎

where 𝐼𝐼𝑡𝑡 is the transformed second moment of area.
2.4
2.4.1

Experimental program
Preliminary material testing

Nine sand-coated GFRP bars were tested to measure the ultimate tensile strength (𝑓𝑓𝑓𝑓𝑓𝑓 ), elastic

modulus (𝐸𝐸𝑓𝑓 ), and rupture strain (𝜀𝜀𝑓𝑓𝑓𝑓 ). The GFRP bars with three different diameters were

tested: 6.35 mm (#2), 9.53 mm (#3) and 12.7 mm (#4). Steel anchors were attached to the end

of the specimen using an expansive cement grout, Bristar 100, as recommended in ASTM [24].
Table 2.2 provides details of the test specimens including, the free length (𝐿𝐿), defined as the
length between the steel anchors, steel anchor length (𝐿𝐿𝑎𝑎 ), total length of tensile test specimen

(𝐿𝐿𝑡𝑡𝑡𝑡𝑡𝑡 ) and experimental results including the mean 𝑓𝑓𝑓𝑓𝑓𝑓 , 𝜀𝜀𝑓𝑓𝑓𝑓 and 𝐸𝐸𝑓𝑓 . The stress-strain curves of

the GFRP reinforcement bars were linear up to the point of rupture with no yielding. The design
compressive strengths of the concrete mixes were 50 MPa and 70 MPa. Three cylinders from
each concrete batch were tested to determine the compressive strengths of concrete. The
concrete cylinders tested were 100 mm in diameter and 200 mm in height. The average
compressive strengths of concrete of the three cylinders tested were 47 MPa and 66 MPa at 28
days.
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Table 2.2: Results of tested GFRP bars
𝐿𝐿𝑎𝑎

𝐿𝐿

𝐿𝐿𝑡𝑡𝑡𝑡𝑡𝑡

𝑓𝑓𝑢𝑢

𝜀𝜀𝑓𝑓𝑓𝑓

(%)

(GPa)

6.35 mm (#2)

150

380

680

732

1.96

37.5

9.53 mm (#3)

400

200

1000

1764

3.18

55.6

12.7 mm (#4)

400

200

1000

1605

3.30

48.6

Specimen

(mm) (mm) (mm) (MPa)

2.4.2

𝐸𝐸𝑓𝑓

Details of GFRP-RC beams

Eight GFRP-RC beams were constructed with 100 mm in width, 150 mm in height, 2400 mm
in length, and 15 mm clear concrete cover as shown in Fig 2.3. The GFRP-RC beams were all
tested under static loading until failure. Six beams were tested under four-point bending and
two beams under three-point bending. The main test variables were the FRP reinforcement
ratios and the compressive strengths of concrete. Three different diameters of FRP bars were
used: 6.35 mm (#2), 9.53 mm (#3) and 12.7 mm (#4), providing reinforcement ratios of 𝜌𝜌𝑓𝑓 =

0.5%, 1%, and 2%, respectively. Two GFRP reinforcement bars were used in compression (to

hold the shear reinforcement and to form the reinforcement cage) and two similar bars were
used in tension. The 4 mm diameter steel stirrups at 100 mm centres were used as shear
reinforcement, as shown in Fig 2.3(b). The experimental setup of these beams was shown in
Fig 2.4(a) and Fig 2.4(b). The loads and midspan deflections were measured using a load cell
and a linear potentiometer, respectively. One strain gauge was attached to one GFRP bar in
tension of each beam at the midspan and another strain gauge was attached to the surface of
concrete at the compression zone at the midspan of the beam. In the three-point bending
configuration, the load was applied at the midspan of the beam, whereas in the four-point
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bending configuration, the load was applied at a distance of 667 mm (𝐿𝐿/3) from the supports.

(a)

(b)
Fig 2.3. Details of the tested GFRP-RC beams: (a) Cross-sectional view (b) Side view

(a)
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(b)
Fig 2.4. Testing of the GFRP-RC beams: (a) Four-point bending and (b) Three-point bending

The GFRP-RC beams were analysed in accordance with ACI [24] and CSA [25] to compare
with experimental data. The GFRP-RC beams were designed for three failure modes. One
GFRP-RC beam was designed as a balanced beam, one GFRP-RC beam was designed as an
under-reinforced beam, and the remaining six GFRP-RC beams were designed as overreinforced beams.
The GFRP-RC beams were labelled (Table 2.3) in the form A-B-C. The first number (A)
represents the design compressive strength of concrete (47 MPa or 66 MPa), the second number
(B) represents the percentage of the reinforcement ratio (0.5%, 1%, or 2%), and the third
number (C) represents the condition of loading (3 for three-point bending or 4 for four-point
bending). For example, Beam 47-0.5-4 represents the GFRP-RC beam constructed with
concrete compressive strength of 47 MPa, reinforcement ratio of 𝜌𝜌𝑓𝑓 = 0.5% and tested under
four-point bending. Table 2.3 presents the experimental ultimate load (𝑃𝑃𝑢𝑢 ), midspan deflection

at the ultimate load (∆𝑢𝑢 ), and Energy Absorption Capacity (𝐸𝐸𝐸𝐸𝐸𝐸) of the tested GFRP-RC

beams. The ultimate load was defined as the load corresponding to the first major drop in the
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load for the over-reinforced GFRP-RC beams or failure of the balanced and under-reinforced
GFRP-RC beams. The data reported in Table 2.3 was calculated using the material data
obtained from preliminary material testing. The ultimate load (𝑃𝑃𝑢𝑢 ) was calculated for four-point

bending (𝑃𝑃𝑢𝑢 = 6𝑀𝑀𝑛𝑛 /𝐿𝐿) and for three-point bending (𝑃𝑃𝑢𝑢 = 4𝑀𝑀𝑛𝑛 /𝐿𝐿) as well, where 𝐿𝐿 was the
clear span length of the beam (𝐿𝐿 = 2000 mm). All the GFRP-RC beams were designed to fail
in flexure.
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Table 2.3: Ultimate load, midspan deflection at ultimate load, EAC, and shear capacity of the GFRP-RC beams tested
𝜌𝜌𝑓𝑓
Experimental
ACI [24]
CSA [25]
�𝜌𝜌𝑓𝑓𝑓𝑓
Beam
𝑃𝑃𝑛𝑛,𝐴𝐴𝐴𝐴𝐴𝐴 ∆𝑛𝑛,𝐴𝐴𝐴𝐴𝐴𝐴 𝐸𝐸𝐸𝐸𝐸𝐸𝑛𝑛,𝐴𝐴𝐴𝐴𝐴𝐴 𝑃𝑃𝑛𝑛,𝐶𝐶𝐶𝐶𝐶𝐶 ∆𝑛𝑛,𝐶𝐶𝐶𝐶𝐶𝐶 𝐸𝐸𝐸𝐸𝐸𝐸𝑛𝑛,𝐶𝐶𝐶𝐶𝐶𝐶
𝑃𝑃𝑢𝑢
∆𝑢𝑢
𝐸𝐸𝐸𝐸𝐸𝐸
CSA [25] ACI [24]
(kN) (mm)
(J)
(kN) (mm)
(J)
(kN) (mm)
(J)
47-0.5-4
0.91
1.02
13.7
52.2
433.74 17.20 61.61 662.96
16.5
66.4
635.6
47-1-4
6.53
7.56
39.18 60.39 1370.89 29.60 40.90 680.07
26.1
37.2
521.27
47-2-4
11.1
12.8
49.7
59.9 1788.95 34.50 33.93 641.08
30.9 31.15
507.13
66-0.5-4
0.66
0.7
15.52 54.53
518.2 17.20 59.02 660.36
16.5 64.23
644.67
66-1-4
5.56
5.94
42.65 56.33 1347.23 34.50 46.87 903.49
28.9
40.6
630.9
66-2-4
9.42
10.1
49.53 47.3
1290.3 40.30 38.94 857.35
34.3 33.67
612.64
66-1-3
5.56
5.94
32.91 62.38 1230.77 23.50 36.70 489.89
19.2 31.82
330.2
66-2-3
9.42
10.1
46.14 58.34 1496.12 27.60 30.53 465.87
22.9 25.81
317.01
Table 2.4: Experimental results versus the predictions from ACI [24] and CSA [25]
ACI [24]
CSA [25]
𝑃𝑃𝑢𝑢 ∶ 𝑃𝑃𝑛𝑛,𝐴𝐴𝐴𝐴𝐴𝐴 ∆𝑢𝑢 : ∆𝑛𝑛,𝐴𝐴𝐴𝐴𝐴𝐴 𝐸𝐸𝐸𝐸𝐸𝐸: 𝐸𝐸𝐸𝐸𝐸𝐸𝑛𝑛,𝐴𝐴𝐴𝐴𝐴𝐴 𝑃𝑃𝑢𝑢 ∶ 𝑃𝑃𝑛𝑛,𝐶𝐶𝐶𝐶𝐶𝐶 ∆𝑢𝑢 : ∆𝑛𝑛,𝐶𝐶𝐶𝐶𝐶𝐶 𝐸𝐸𝐸𝐸𝐸𝐸𝑢𝑢 : 𝐸𝐸𝐸𝐸𝐸𝐸𝑛𝑛,𝐶𝐶𝐶𝐶𝐶𝐶
Beam
(%)
(%)
(%)
(%)
(%)
(%)
47-0.5-4
-20
-15
-35
-17
-21
-32
47-1.0-4
24
32
50
33
38
62
47-2.0-4
31
43
64
38
48
72
66-0.5-4
-10
-8
-22
-6
-15
-20
66-1.0-4
19
17
33
32
28
53
66-2.0-4
19
18
34
31
29
53
66-1.0-3
29
41
60
42
49
73
66-2.0-3
40
48
69
50
56
79
Note: 𝑃𝑃𝑢𝑢 is the ultimate load defined as the peak load at the first drop in the load-midspan deflection curves and ∆𝑢𝑢 is the midspan deflection at
the ultimate load
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2.5

Experimental results and discussion

Initially, all eight GFRP beams displayed high bending stiffness (𝐸𝐸𝑐𝑐 𝐼𝐼𝑔𝑔 ). However, once

cracking initiated, the stiffness of the beam decreased due to the contribution of GFRP bars
with a low modulus of elasticity. The cracking load was recorded as the load where the first
crack in concrete was observed. The change from the pre-cracking bending stiffness (𝐸𝐸𝑐𝑐 𝐼𝐼𝑔𝑔 ) to

the post-cracking bending stiffness (𝐸𝐸𝑐𝑐 𝐼𝐼𝑒𝑒 ) was shown in Fig 2.5. For example, in case of the

GFRP-RC Beam 47-0.5-4, with a reinforcement ratio of 0.5%, the post-bending stiffness (𝐸𝐸𝑐𝑐 𝐼𝐼𝑒𝑒 )

was 8% of the pre-cracking bending stiffness (𝐸𝐸𝑐𝑐 𝐼𝐼𝑔𝑔 ). Also, the GFRP-RC beams with higher
reinforcement ratio (𝜌𝜌𝑓𝑓 = 1.0% and 2.0%) had higher post-cracking bending stiffness due to

the higher modulus of elasticity of the #3 and #4 GFRP bars. Hence, GFRP-RC beams with a
higher elastic modulus of the GFRP bars have comparatively higher post-cracking bending
stiffness.

Fig 2.5. Load-midspan deflection behaviour of GFRP-RC Beams

For the two GFRP-RC beams with the same reinforcement ratio (𝜌𝜌𝑓𝑓 = 0.5%) but different

compressive strengths of concrete (47 MPa and 66 MPa), it was observed that the post-cracking
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bending stiffness (𝐸𝐸𝑐𝑐 𝐼𝐼𝑒𝑒 ) increased by 7% (from Beam 47-0.5-4 to Beam 66-0.5-4) when the

compressive strength of concrete increased from 47 MPa to 66 MPa. On the other hand, for
Beam 47-0.5-4 and Beam 47-1.0-4, with the same compressive strength of concrete but

different reinforcement ratios, it was observed that the post-cracking bending stiffness (𝐸𝐸𝑐𝑐 𝐼𝐼𝑒𝑒 )

increased with the increase in the reinforcement ratio. The post-cracking bending stiffness of
Beam 47-1.0-4 was 1.8 times the post-cracking bending stiffness of Beam 47-0.5-4. This means
that the post-cracking bending stiffness of the GFRP-RC beam was influenced by the
reinforcement ratio more than it was influenced by the compressive strength of concrete.
The

𝜌𝜌𝑓𝑓
�𝜌𝜌𝑓𝑓𝑓𝑓 ratio was calculated according to ACI [24] for all the beams tested and was

presented in Table 2.3 to determine whether the beams were under-reinforced, balanced, or
over-reinforced. The under-reinforced GFRP-RC Beam 66-0.5-4 with 𝜌𝜌𝑓𝑓 = 0.5% failed once

the ultimate load (𝑃𝑃𝑢𝑢 ) was reached. There was no warning prior to the collapse of the beam

with the rupture of the GFRP bars. Fig 2.6 shows the failure mode of Beam 66-0.5-4 due to

GFRP bar rupture. Moreover, for the balanced GFRP-RC beams (Beams 47-0.5-4 and 47-0.53), crushing of the concrete cover and GFRP bar rupture occurred simultaneously at the point
of failure, as shown in Fig 2.7 (only one beam was chosen for presentation purposes since both
balanced GFRP-RC beams showed a similar failure mode). For the under-reinforced and
balanced beams, the readings of the strain gauges at the compressive side of concrete (𝜀𝜀𝑐𝑐 =
0.0014) were lower than ultimate strain values specified by the design codes (𝜀𝜀𝑐𝑐𝑐𝑐 = 0.003)

which confirm the codes predictions. Furthermore, crushing of the concrete cover was the
assumed failure for the six over-reinforced GFRP-RC beams, which occurred at the first drop

in the load (𝑃𝑃𝑢𝑢 ). At the time of failure, all GFRP-RC beams displayed a flexural-critical

response with vertical cracks initially propagating in the pure bending region before moving
towards the supports. These cracks continued to extend through the depth of the GFRP-RC
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beams towards the compression zone, as shown in Fig 2.8 for Beam 47-1.0-4. The over
reinforced GFRP-RC beams continued to sustain load after the first drop in the ultimate load
(Fig 2.9), indicating a sign of pseudo “ductility” or reserve capacity. The readings of the strain
gauges at the failure of the beams were in the vicinity of 0.003, ranging between 0.0027 and
0.0033 and having a mean value of 0.0029. The load-midspan deflection curves of an underreinforced, balanced, and over-reinforced GFRP-RC beam were presented in Fig 2.9. It can be
observed from Fig 2.9 that the ACI [24] and CSA [25] load-midspan deflection curves
reasonably matched with the experimental load-midspan deflection curves. The initial precracked behaviour of the beam was captured by both ACI [24] and CSA [25]. The ACI [24]
and CSA [25] also captured the slope of the post-cracking bending stiffness. The ACI [24]
showed a bilinear response of the load-midspan deflection at the nominal load of the GFRPRC beams, whereas CSA [25] showed a trilinear response of the load-midspan deflection at
the nominal load of the GFRP-RC beams. Table 2.3 provides a summary of the experimental
results including the ultimate load (𝑃𝑃𝑢𝑢 ) defined as the load corresponding to the first major

drop in the load for the over-reinforced GFRP-RC beams or failure of the balanced and under-

reinforced GFRP-RC beams (Fig 2.9). Moreover, Table 2.3 provides the midspan deflections
(∆𝑒𝑒𝑒𝑒𝑒𝑒 ) at the ultimate loads (𝑃𝑃𝑢𝑢 ) and the Energy Absorption Capacities (𝐸𝐸𝐸𝐸𝐸𝐸) of the beams.

Adhikary et al. [28-29] used the term Energy Absorption Capacity (EAC) to define the energy
absorbed by the beam and calculated it as the area under the load-midspan deflection curve. In
other words, the EAC was the integral of the load–midspan deflection graph from zero to the
∆

midspan deflection corresponding to the ultimate load �∫0 𝑢𝑢 𝑃𝑃. 𝑑𝑑∆�, where ∆𝑢𝑢 was the midspan

deflection corresponding to the ultimate load. It was noted from Table 2.3 that as the

reinforcement ratio increased, the ultimate load (𝑃𝑃𝑢𝑢 ) of the GFRP-RC beams increased as well.
The ultimate loads for the GFRP-RC beams with 1% reinforcement ratio for Beams 47-1.0-4
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and 66-1.0-4 were 39.18 kN and 42.65 kN respectively. Upon increasing the reinforcement
ratio to 2%, the ultimate loads increased to 49.7 kN and 49.53 kN for Beams 47-2.0-4 and 662.0-4, respectively. The increase in the ultimate loads was 27% and 16% for the increase of the
reinforcement ratio from 1% to 2%. However, for the increase of the reinforcement ratio from
0.5% to 1%, the increase in the ultimate load was significantly larger. Beams 47-0.5-4 and 660.5-4 had ultimate loads of 13.7 kN and 15.52 kN, respectively, whereas Beams 47-1.0-4 and
66-1.0-4 had ultimate loads of 39.18 kN and 42.65 kN, respectively. The increase in the
ultimate loads (186% and 175%) for beams with a reinforcement ratio of 0.5% compared to
beams with a reinforcement ratio of 1% was significantly larger than the increase in the ultimate
loads for beams with a reinforcement ratio of 1% compared to beams with a reinforcement
ratio of 2%. This increase was due to the shift in the failure mode from under-reinforced and
balanced failure modes to over-reinforced failure mode. The GFRP-RC beams that were
designed to fail due to GFRP bar rupture resisted a ultimate load that was significantly less
than that of the GFRP-RC beams that were designed to fail due to concrete crushing. Moreover,
the influence of the compressive strength of concrete on the ultimate loads of the beams was
investigated. Beams with similar reinforcement ratio but different compressive strengths of
concrete (from 47 MPa and 66 MPa) were analysed. It was found that an increase in the
compressive strength of concrete for beams with a fixed reinforcement ratio of 0.5% (Beams
47-0.5-4 and 66-0.5-4) experienced an increase in the ultimate load by 13%.
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Fig 2.6. Rupture of GFRP reinforcement bars (Beam 66-0.5-4)

Concrete Crushing
Flexural Cracks

GFRP Tensile Failure

Fig 2.7. Balanced Failure (Beam 47-0.5-4)

Fig 2.8. Flexural response with crushing of concrete cover (47-1.0-4)
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Fig 2.9. Load-midspan deflection behaviour: (a) under-reinforced (66-0.5-4), (b) balanced
(47-0.5-4), and (c) over-reinforced (47-2.0-4) GFRP-RC beams

2.6

Experimental results versus recommendations in FRP design codes

The experimental results obtained from the testing of GFRP-RC beams under four-point and
three-point bending were compared with the FRP design recommendations in ACI [24] and
CSA [25] in terms of the failure mode, nominal load, midspan deflection at the nominal load,
and Energy Absorption Capacity (EAC). It was noted that the stress block parameters used in
this manuscript were based on the recommendations in ACI [24] and CSA [25]. Table 2.3
presents the experimental and code predictions, in ACI [24] and CSA [25], of the ultimate and
nominal loads �𝑃𝑃𝑢𝑢 , 𝑃𝑃𝑛𝑛,𝐴𝐴𝐴𝐴𝐴𝐴 , 𝑃𝑃𝑛𝑛,𝐶𝐶𝐶𝐶𝐶𝐶 �, midspan deflections at ultimate and nominal loads
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�∆𝑢𝑢 , ∆𝑛𝑛,𝐴𝐴𝐴𝐴𝐴𝐴 , ∆𝑛𝑛,𝐶𝐶𝐶𝐶𝐶𝐶 �, and EAC �𝐸𝐸𝐸𝐸𝐸𝐸, 𝐸𝐸𝐸𝐸𝐸𝐸𝑛𝑛,𝐴𝐴𝐴𝐴𝐴𝐴 , 𝐸𝐸𝐴𝐴𝐶𝐶𝑛𝑛,𝐶𝐶𝐶𝐶𝐶𝐶 � of the GFRP-RC beams. The

calculations of the reinforcement ratios, nominal loads, midspan deflections at nominal loads,
and EAC in ACI [24] and CSA [25] were based on the data obtained from the preliminary
material testing. Table 2.4 presents the comparisons between the experimental results and the
code predictions from ACI [24] and CSA [25]. The results were presented in terms of the
difference (in percent) between the experimental results and the predictions of ACI [24] and
CSA [25]. The positive numbers indicate that the design codes under-predict the behaviour,
whereas the negative numbers indicate that the design codes over-predicted the results.
The ACI [24] and CSA [25] accurately predicted the failure modes of GFRP-RC beams. Beam
𝜌𝜌
47-0.5-4 with a reinforcement ratio � 𝑓𝑓�𝜌𝜌𝑓𝑓𝑓𝑓 � of 1.02 (calculated as per ACI [24], where 1.02

was between 1 and 1.4) was balanced and failed due to simultaneous rupture of the GFRP bars
𝜌𝜌
and concrete crushing. Beam 66-0.5-4 with a reinforcement ratio � 𝑓𝑓�𝜌𝜌𝑓𝑓𝑓𝑓 � of 0.7 (less than 1)
failed due to GFRP bar rupture. The remaining over-reinforced beams with reinforcement
𝜌𝜌
ratios � 𝑓𝑓�𝜌𝜌𝑓𝑓𝑓𝑓 � higher than 1.4 failed due to concrete crushing on the compression side.
2.6.1

Influence of the reinforcement ratio of GFRP-RC beam

The under-reinforced Beam 66-0.5-4 failed at a ultimate load of 15.5 kN (Fig 2.10(a)) and a
midspan deflection at the ultimate load of 54.53 mm, Fig 2.10(b). The EAC was calculated to
be 518.2 J under four-point bending, Fig 2.10(c). The predictions of the nominal load, midspan
deflection at the nominal load, and EAC were 17.2 kN, 59 mm, and 660.36 J, respectively,
according to ACI [24]. The predictions of the nominal load, midspan deflection at the nominal
load, and EAC were 16.5 kN, 64.2 mm, and 644.67 J, respectively, according to CSA [25]. The
ACI [24] over-predicted the ultimate load, midspan deflection at the ultimate load, and EAC
by 10%, 8%, and 22%, respectively, whereas CSA [25] over-predicted the ultimate load,
midspan deflection at the ultimate load, and EAC by 6%, 15%, and 20%, respectively. Hence,
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both ACI [24] and CSA [25] over-predicted the response of the under-reinforced GFRP-RC
beam.

Fig 2.10. Experimental results and design code predictions of Beam 66-0.5-4

The balanced Beam 47-0.5-4 failed at a ultimate load of 13.7 kN and a midspan deflection at
the ultimate load of 52.2 mm. The EAC was calculated to be 433.74 J under four-point bending.
The ACI [24] over-predicted the ultimate load, midspan deflection at the ultimate load, and
EAC by 20%, 15%, and 35%, respectively. The CSA [25] over-predicted the ultimate load,
midspan deflection at the ultimate load, and EAC by 17%, 21%, and 32%, respectively. Hence,
both ACI [24] and CSA [25] over-predicted the response of the balanced GFRP-RC beams.
For the over-reinforced beams both ACI [24] and CSA [25] under-predicted the response of all
six over-reinforced GFRP-RC beams in terms of the ultimate loads, midspan deflections at
ultimate loads, and EAC. The ACI [24] under-predicted the average ultimate loads, midspan
deflections at ultimate loads, and EAC of the six over-reinforced GFRP-RC by 38%, 41%, and
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65%, respectively. Whereas, the CSA [25] under-predicted the average ultimate loads, midspan
deflections at ultimate loads, and EAC of the six beams by 27%, 33%, and 52%, respectively.
Hence, both codes under-predicted the response of the over-reinforced GFRP-RC beams.
In general, ACI [24] predicted higher nominal loads and EAC than CSA [25], while ACI [24]
predicted lower deflections than CSA [25]. Moreover, for the under-reinforced and balanced
beams, ACI [24] predicted midspan deflections at nominal loads closer to the experimental
results. However, CSA [25] predicted nominal loads and EAC that were closer to the
experimental results. For the over-reinforced GFRP-RC beams, it can be observed from Table
2.3 that ACI [24] predicted higher nominal loads, midspan deflections at nominal loads, and
EAC than CSA [25] �𝑃𝑃𝑛𝑛,𝐴𝐴𝐴𝐴𝐴𝐴 > 𝑃𝑃𝑛𝑛,𝐶𝐶𝐶𝐶𝐶𝐶 , ∆𝑛𝑛,𝐴𝐴𝐴𝐴𝐴𝐴 > ∆𝑛𝑛,𝐶𝐶𝐶𝐶𝐶𝐶 and 𝐸𝐸𝐸𝐸𝐸𝐸𝑛𝑛,𝐴𝐴𝐴𝐴𝐴𝐴 > 𝐸𝐸𝐸𝐸𝐸𝐸𝑛𝑛,𝐶𝐶𝐶𝐶𝐶𝐶 �. The ACI
[24] predicted higher nominal loads, midspan deflections at nominal loads, and EAC by an

average of 27%, 20%, and 43%, respectively than CSA [25]. This means that CSA [25] was
more conservative than the ACI [24] in terms of predicting the nominal loads, midspan
deflections at nominal loads, and EAC.
2.6.2

Influence of the tensile reinforcement ratio of the GFRP-RC beam

It was observed that both ACI [24] and CSA [25] predicted responses of the GFRP-RC beams
closer to the experimental results in terms of the ultimate loads, midspan deflections at ultimate
loads, and EAC for a reinforcement ratio of 1% than for a reinforcement ratio of 2%. For
example, for Beam 66-1.0-3 with a reinforcement ratio of 1%, the experimental ultimate load
was 32.9 kN. The predicted nominal loads from ACI [24] and CSA [25] were 23.5 kN and 19.2
kN, respectively. The ACI [24] and CSA [25] under-predicted the ultimate load by 29% and
42%, respectively. On the other hand, for beams with 2% reinforcement ratio such as Beam
66-2.0-3, the experimental ultimate load was 46.1 kN. The predictions from ACI [24] and CSA
[25] were 27.6 kN and 22.9 kN, respectively. The ACI [24] and CSA [25] under-predicted the
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ultimate load by 40% and 50%, respectively. For example, ACI [24] and CSA [25] predicted
the response of Beam 66-1.0-4 closer to the experimental results than Beam 66-2.0-3 in terms
of the ultimate load, midspan deflection at the ultimate load, and EAC. Hence, the predictions
of the ACI [24] and CSA [25] were closer to the experimental results for a reinforcement ratio
of 1% than for a reinforcement ratio of 0.5% and 2%.
2.6.3

Influence of the compressive strength of concrete of the GFRP-RC beam

It was observed that both design guidelines predicted the response of the GFRP-RC beams
closer to the experimental results in terms of the ultimate loads, midspan deflections at ultimate
loads, and EAC for beams with a higher compressive strength of concrete. For example, Beam
47-2.0-4 had a midspan deflection at the ultimate load of 59.9 mm. The predicted midspan
deflections at nominal loads by the ACI [24] and CSA [25] for Beam 47-2.0-4 were 33.9 mm
and 31.2 mm, respectively. The ACI [24] and CSA [25] under-predicted the midspan
deflections at ultimate loads by 43% and 48%, respectively. On the other hand, Beam 66-2.04 had a midspan deflection at the ultimate load of 47.3 mm. The midspan deflections at nominal
loads predicted by ACI [24] and CSA [25] were 38.94 mm and 33.67 mm, respectively. The
ACI [24] and CSA [25] under-predicted the midspan deflections at nominal loads values by
18% and 29%, respectively. The predictions were closer for GFRP-RC beams with the
compressive strength of concrete of 66 MPa than for GFRP-RC beams with the compressive
strength of concrete of 47 MPa. The same was observed for the nominal loads and EAC where
the predictions of the ACI [24] and CSA [25] were closer to the experimental results in the
case of beams with a compressive strength of concrete of 66 MPa than beams with a
compressive strength of concrete of 47 MPa. Hence, the predictions of the design guidelines
were closer to the experimental results for the GFRP-RC beams with a higher compressive
strength of concrete.
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2.7

Conclusions

In this study, eight GFRP-RC beams were tested under static loads. The experimental loaddeformation relationships and Energy Absorption Capacities (EAC) were measured and
analysed. The flexural design of the GFRP-RC beams according to the ACI [24] and CSA [25]
was presented. Comparisons between the experimental data and predictions of ACI [24] and
CSA [25] were presented. Based on the results of the tested GFRP-RC beams, the following
conclusions are drawn:
1. The failure modes of GFRP-RC beams were accurately predicted by the sectional analysis
techniques used for GFRP-RC beams. The 𝜌𝜌𝑓𝑓 ⁄𝜌𝜌𝑓𝑓𝑓𝑓 ratio held true for the failure mode of all

the GFRP-RC beams. The GFRP-RC beams designed as over-reinforced (𝜌𝜌𝑓𝑓 ⁄𝜌𝜌𝑓𝑓𝑓𝑓 > 1.4) failed

due to the crushing of concrete. The under-reinforced GFRP-RC beams (𝜌𝜌𝑓𝑓 ⁄𝜌𝜌𝑓𝑓𝑓𝑓 < 1) failed

by the rupture of the tensile GFRP bars. The balanced GFRP-RC beams (1 < 𝜌𝜌𝑓𝑓 ⁄𝜌𝜌𝑓𝑓𝑓𝑓 < 1.4)

failed by the simultaneous crushing of concrete cover and rupture of GFRP bars.

2. The response of the GFRP-RC beams was found to depend on the reinforcement ratio and
concrete strength. It was found that increasing the GFRP reinforcement ratio increased the
ultimate loads of the GFRP-RC beams, regardless of the concrete strength. An increase in the
ultimate loads by an average of 22% was observed when the reinforcement ratio of the beam
was increased from 𝜌𝜌𝑓𝑓 = 1% to 𝜌𝜌𝑓𝑓 = 2%. However, a significant increase in the ultimate load
was observed when the reinforcement ratio was increased from 𝜌𝜌𝑓𝑓 = 0.5% to 𝜌𝜌𝑓𝑓 = 1%. The
ultimate load increased by an average of 180% when reinforcement ratio increased from 𝜌𝜌𝑓𝑓 =

0.5% to 𝜌𝜌𝑓𝑓 = 1.0%. This was because the failure mode changed from GFRP reinforcement
rupture �in case of 𝜌𝜌𝑓𝑓 = 0.5%� to concrete crushing �in case of 𝜌𝜌𝑓𝑓 = 1%�. However, it was

found that the compressive strength of concrete has less significant influence than the
reinforcement ratio on the response of GFRP-RC beams.
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3. Design recommendations for GFRP-RC beams provided in ACI [24] and CSA [25] were
found to be conservative and under-predicted the response of the GFRP-RC beams in terms of
the ultimate loads, midspan deflections at ultimate loads, and EAC for the over-reinforced
beams. Whereas, these guidelines over-predicted the response of the under-reinforced and
balanced GFRP-RC beams. On average, for over-reinforced GFRP-RC beams, CSA [25]
under-predicted the ultimate load, midspan deflection at the ultimate load, and EAC by 38%,
41%, and 65%, respectively, whereas ACI [24] under-predicted the ultimate load, midspan
deflection at ultimate load, and EAC by 27%, 33%, and 52%, respectively. As for GFRP-RC
beams failing due to GFRP bar rupture (including both under-reinforced and balanced), CSA
[25] over-predicted the ultimate load, midspan deflection at the ultimate load, and EAC by
11%, 18%, and 26% respectively, whereas ACI [24] over-predicted ultimate load, midspan
deflection at the ultimate load, and EAC by 15%, 11%, and 28% respectively.
4. The ACI [24] predicted higher nominal loads, midspan deflections at nominal loads, and
EAC than CSA [25] by a range between 20% and 43%. The CSA [25] was more conservative
in the predictions of the nominal loads, midspan deflections at nominal loads, and EAC than
ACI [24]. Moreover, ACI [24] predicted values that were closer to the experimental results
than CSA [25].
5. Both ACI [24] and CSA [25] predicted closer results to the experimental results in terms of
the ultimate loads, midspan deflections at ultimate loads, and EAC for GFRP-RC beams with
high concrete compressive strength (66 MPa) and a reinforcement ratio of 𝜌𝜌𝑓𝑓 = 1.0%.
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3

Chapter Three: Numerical Investigations on the Flexural Behavior of
GFRP-RC Beams under Monotonic Loads
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Zein Saleh developed the finite element model, validated the model with the experimental
results, carried out the parametric study, and prepared the manuscript.
M. Neaz Sheikh, Alex M. Remennikov, and Abheek Basu supervised the research study and
reviewed the manuscript.
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Preamble
After investigating the flexural behavior of the Glass Fiber-Reinforced Polymer bar reinforced
concrete (GFRP-RC) beams and comparing the experimental results with the predictions in the
design codes, numerical investigations on the flexural behavior of GFRP-RC beams under
quasi-static monotonic loads were carried out in this chapter. This chapter presents the
numerical investigations on the flexural response of the GFRP-RC beams under monotonic
quasi-static loads. Extensive experimental studies were carried out to investigate the flexural
behavior of GFRP-RC beams under monotonic quasi-static loads. However, no study has yet
numerically investigated the behavior of GFRP-RC beams under monotonic quasi-static loads.
A detailed description of the development of a numerical model that can accurately capture the
response of the GFRP-RC beams under quasi-static loads was presented. The structural
geometry, material models, and control options of the numerical model were carefully chosen.
This numerical model was then calibrated against the results of previous experimental
investigations carried out at the University of Wollongong on GFRP-RC beams under quasistatic monotonic loads.
The calibrated numerical model was then used in a parametric study that investigated the
influence of several parameters on the behavior of GFRP-RC beams under monotonic quasistatic loads. The developed model was successful in capturing the behavior of the GFRP-RC
beams under monotonic quasi-static loads. Based on the findings of this study, the next chapter
presents a numerical model that was developed to capture the behavior of the GFRP-RC beams
under low-velocity impact loads.
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Abstract
The behaviour of Glass Fibre-Reinforced Polymer (GFRP) bar reinforced concrete beams
varies significantly from the behaviour of traditional steel bar reinforced concrete beams. This
paper numerically investigates the response of GFRP bar reinforced concrete (GFRP-RC)
beams under monotonic loads. This paper also presents the details of a three-dimensional Finite
Element (FE) model for GFRP-RC beams under monotonic loads. The results of the numerical
modelling have been validated against the experimental results of nine GFRP-RC beams. The
results of the FE analysis have been found to be in very good agreement with the experimental
results. Furthermore, a parametric study is carried out to investigate the effects of the
reinforcement ratio, compressive strength of concrete, and shear span to effective depth ratio
on the response of GFRP-RC beams. The effects of these parameters on the load-midspan
deflection behaviour, energy absorption capacity, and failure modes of GFRP-RC beams have
been adequately discussed in this paper.

3.1

Introduction

Reinforced Concrete (RC) structures are prone to the corrosion of steel reinforcing bars caused
by chloride and alkali ions present in aggressive marine and corrosive environments. Corrosion
of steel reinforcing bars in RC structures decreases the lifespan of structures and increases the
costs of repair and maintenance [1]. During the last few decades, Fibre-Reinforced Polymer
(FRP) bar has emerged as a suitable replacement for the steel reinforcing bar in RC structures
due to its corrosion resistance, chemical resistance, electromagnetic neutrality, high strengthto-weight ratio, competitive life cycle cost, and fatigue resistance [2-5]. Structures reinforced
with FRP bars are particularly suitable in aggressive marine and corrosive environments.
Reinforcing bars of FRP include Glass FRP (GFRP), Basalt FRP (BFRP), Aramid FRP
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(AFRP), and Carbon FRP (CFRP) bars. The most popular type of reinforcing bar is GFRP bar
due to its competitive price and abundance. In the last few decades, a significant amount of
research [6-21] has been carried out to investigate the behaviour of GFRP bar reinforced
concrete (GFRP-RC) beams under monotonic loads. However, the behaviour of GFRP-RC
beams differs significantly from the behaviour of traditional steel bar reinforced concrete
(Steel-RC) beams. GFRP materials are anisotropic (although they are often considered to have
isotropic properties [22]) which affects the shear strength and bond performance of GFRP bars
with concrete [23]. GFRP bars have lower bond strength than steel bars. In addition, unlike
steel bars, GFRP bars do not yield. Hence, a change in the traditional design philosophy is
adopted for GFRP-RC beams [24-26]. Furthermore, GFRP-RC beams experience larger
deflections due to the lower modulus of elasticity of GFRP (40-70 GPa) than the modulus of
elasticity of steel (200 GPa). The recommended failure mode for GFRP-RC beams is concrete
crushing since it is less brittle than GFRP bar rupture and provides more ductility to the GFRPRC beam [24-26]. The flexural responses of GFRP-RC beams and RC beams strengthened
with GFRP have been investigated experimentally in the literature [11, 27-33]. Experimental
investigations focused mainly on the load-midspan deflection behaviour, failure modes, cracks
propagation, cracks pattern, cracks width, and Energy Absorption Capacities (EAC) of GFRPRC beams. El-Nemr, et al. [13] investigated the behaviour of normal strength and high strength
GFRP-RC beams and reported that an increase in the compressive strength of concrete leads
to a decrease in the crack width and deflection and an increase in the ultimate load-carrying
capacity of GFRP-RC beams. Adam, et al. [6] investigated the behaviour of GFRP-RC beams
with different longitudinal reinforcement ratios and concluded that increasing the
reinforcement ratio increases the ultimate capacity of the beam. Nonetheless, there have been
no extensive experimental parametric studies in the literature that investigate the effects of a
wide range of variables such as the compressive strength of concrete, longitudinal
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reinforcement ratio, and geometry of the GFRP-RC beams. The most significant barriers that
hinder conducting extensive experimental parametric studies include the large cost and time
associated with these parametric studies. Numerical simulations, on the other hand, are cost
and time effective and have been effectively used in the literature to carry out parametric
studies [34-36].
In the last few decades, Finite Element Method (FEM) has emerged as one of the most efficient
tools to replicate the experimental response of RC beams under different loading conditions.
One of the most significant advantages of using FEM is the ability to analyse failure modes,
load-midspan deflection behaviours, cracks pattern, cracks width, and Energy Absorption
Capacity (EAC) of RC beams. Another advantage of using FEM is that it can be used to provide
guidelines prior to experimental investigations. The finite element code LS-DYNA [37, 38] is
a very powerful and efficient tool due to its comprehensive material library and its ability to
capture the non-linear response of RC beams. Yet, only a few numerical studies investigated
the behaviour of GFRP-RC beams [6, 29, 39, 40]. The numerical studies available in the
literature focused on the load-midspan deflection behaviour and damage of GFRP-RC beams.
However, there is a need to analyse how various factors influence the behaviour of GFRP-RC
beams. There are no systematic parametric study available in the literature that investigates the
influence of reinforcement ratios, compressive strengths of concrete, and shear span to
effective depth ratios on the behaviour of GFRP-RC beams. This paper numerically
investigates the influence of reinforcement ratios, compressive strengths of concrete, and shear
span to effective depth ratios on the ultimate midspan deflections, load-midspan deflection
curves, failure modes, and EAC of GFRP-RC beams using the finite element code LS-DYNA.

3.2

Numerical investigations

The finite element code LS-DYNA has been used for numerical modelling of GFRP-RC
52

beams. Due to its computational power and comprehensive material library, LS-DYNA has
been extensively used in the literature to model the behaviour of RC beams [41, 42].
3.2.1

Structural geometry

A three-dimensional (3D) FE model was created to model the GFRP-RC beams (Section 3)
accounting for boundary and loading conditions. To represent concrete and the supports, eightnode solid hexahedron elements with single point integration were used. The single point
integration saves computational time in complex problems. However, one of the disadvantages
of the use of single point integration is the presence of hourglass modes. Hourglass modes are
nonphysical, zero-energy modes of deformation that produce zero strain and no stress. To
control and minimize the hourglass energy, Belytschklo-Bindeman hourglass control was
chosen for implicit analysis. To represent GFRP and steel reinforcement, 2D Hughes-2.2ration
were used. For selecting a suitable mesh size, a separate convergence study was carried out
considering a mesh aspect ratio of 1. Different mesh sizes including 20, 15, 10, and 5 mm were
modelled and analysed. It was found that with the reduction of the size of the mesh below 10
mm increased the computational time significantly for a minor increase in the accuracy of the
results. Hence, a mesh size of 10 mm was chosen for this study, which provided both efficiency
and accuracy. Furthermore, the reinforcement was modelled using a slide line one-dimensional
model in LS-DYNA.
3.2.2

Contact and boundary conditions

To model the contact between concrete and supports, several formulations are available in LSDYNA. Automatic contact [37, 38], which is an element-to-element contact, between surfaces
was used in this study. In order to replicate the actual boundary conditions of the experiment,
the boundary conditions for this study were defined as a pinned and roller support. The pinned
support was restrained from all translations and allowed to rotate about its major axis, whereas
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the roller support was restrained from all translations except along the major axis and allowed
to rotate about its major axis. Moreover, to model the bond-slip between the GFRP longitudinal
reinforcement and concrete, a one-dimensional contact model (Contact_1D) was used [37].
The beam elements (representing the reinforcement) were defined by duplicate nodes at the
same location as the solid elements (representing concrete). The interaction between the GFRP
reinforcement and the concrete, at the duplicate nodes, was then defined by the onedimensional contact model. This approach was successfully used in previous research studies
[43-46]. The constitutive relationship between the bond shear stress and the slip is given by
Eq. (1) [37, 38]
𝜏𝜏 = �

𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 𝑒𝑒

𝐺𝐺𝑠𝑠 𝑠𝑠,
−ℎ𝐷𝐷𝑠𝑠

,

𝑠𝑠 ≤ 𝑠𝑠𝑚𝑚𝑚𝑚𝑚𝑚
𝑠𝑠 > 𝑠𝑠𝑚𝑚𝑚𝑚𝑚𝑚

(1)

where, 𝜏𝜏 is the bond shear stress (in MPa), 𝐺𝐺𝑠𝑠 is the bond shear modulus (in MPa/mm), 𝑠𝑠𝑚𝑚𝑚𝑚𝑚𝑚

is the maximum elastic slip (in mm), ℎ is the damage curve exponential coefficient, and 𝐷𝐷𝑠𝑠 is

the damage parameter. The values of these parameters were taken according to the results
experimental investigation [15] carried out as part of this study and presented in Section 3. The
loading condition imposed on the GFRP-RC beams was deflection controlled. The bond-slip

relationship between the longitudinal GFRP reinforcement and concrete was determined by the
bond-slip beam tests (Section 3). As the steel stirrups were used as shear reinforcement, the
bond between the steel stirrups and the concrete was considered a perfect-bond
3.2.3

Control options for solver

Due to the complex behaviour of GFRP-RC beams in this study, it was very important to ensure
the convergence of the results. In this study, the maximum time step and optimum equilibrium
iteration count in LS-DYNA were restricted to allow for convergence of the results.
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3.2.4

Materials

3.2.4.1 Concrete
Winfrith Concrete Model [37] is used in this study to model the concrete. Winfrith Concrete
Model is a smeared crack, smeared rebar model, implemented in the eight-node single
integration point continuum element [37]. This model has been developed over many years by
Broadhouse and Neilson [47] and Broadhouse [48]. Winfrith Concrete Model was initially
developed to model structures subjected to impacts and blasts. Nonetheless, it has the ability
to capture the behaviour of concrete under monotonic loads. The Winfrith model has been
validated with extensive experimental investigations and has been proven successful in
capturing the complex behaviour of concrete [41, 49, 50]. The input card of this model consists
of the mass density, initial tangent modulus, Poisson’s ratio, uniaxial compressive and tensile
strengths, and aggregate size of concrete. The tangent modulus of concrete was calculated as
specified by ACI [24] �𝐸𝐸𝑐𝑐 = 4700�𝑓𝑓𝑐𝑐′ �. The Winfrith model has the ability to generate crack
algorithms. Winfrith model does not include a criterion for erosion where elements can be

deleted. Hence, erosion was added to concrete using an independent function to delete the
elements after satisfying the erosion condition. Elements were deleted by specifying a
minimum compressive strain of 0.35% for concrete at failure. The compressive strain of 0.35%
is considered failure strain for concrete in compression by CSA [25]. Although Winfrith offers
a smeared rebar model, the reinforcement was modelled using Piecewise Linear Plasticity [37],
as explained in the next section.
3.2.4.2 GFRP Reinforcement
The material model used to capture the behaviour of the reinforcement was Piecewise Linear
Plasticity. This material model input card requires a minimum entry of density, modulus of
elasticity, Poisson’s ratio, yield stress, tangent modulus, and failure plastic strain. The
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Piecewise Linear Plasticity was used to model both steel and GFRP reinforcement in this study.
This model is usually used to model steel reinforcement due to the ability to enter the yield
stress and failure strain values. Fig 3.1 shows the stress-strain curve of the GFRP bar using
Piecewise Linear Plasticity model. GFRP bars do not yield, instead they rupture. To simulate
this behavior numerically, a tangent modulus of zero (ETAN=0 in Fig 3.1) is specified, creating
an elastic-perfectly-plastic behaviour for GFRP bars. Then, a pseudo-plastic strain, with a value
equal to the rupture strain of the GFRP bar, was chosen so that the GFRP bar fails as soon as
it enters the plastic phase. Specifying a very small value for the plastic strain failure ensures
that the bars fail as soon as the yield stress is reached. This approach ensures that a linear
behaviour of GFRP bars takes place up till failure. Moreover, once the failure strain is reached,
the beam element, representing the reinforcement, is deleted from the calculation. Moreover,
since the design codes [24, 25] recommend to neglect the effects of GFRP bars in compression,
the properties of GFRP bars under compression were neglected

Fig 3.1. Stress-strain curve for GFRP bar used in numerical analysis
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3.2.4.3 Supports and loading plates
The Rigid material model was used to replicate the behaviour of the steel plates where the load
was applied and the steel supports below the beam. In order to capture the contact between the
steel supports and concrete, this material model requires input of density, modulus of elasticity,
and Poisson’s ratio. Therefore, the values of the density and Poisson’s ratio of the steel plate
and supports were chosen as those of steel.

3.3

Summary of the experimental program

This study includes the experimental investigations of nine GFRP-RC beams under monotonic
loads. The full details of the experimental investigations of the nine GFRP-RC beams can be
found elsewhere [15, 51]. However, for completeness, a brief description of the experimental
results is presented. Nine GFRP-RC beams were tested. All beams were 100 mm in width, 150
mm in height and 2400 mm in length. The design compressive strengths of concrete were 40,
60, and 80 MPa. However, the compressive strengths of concrete on the day of testing for
Groups A, B, and C of GFRP-RC beams were 55.4, 70.8, and 90.1 MPa, respectively (Table
3.1). Furthermore, each group included three beams with different longitudinal reinforcement
ratios. The numbers 1, 2, and 3 following the group name indicate the longitudinal
reinforcement of the tested GFRP-RC beams. Numbers 1, 2, and 3 indicate that the beams were
reinforced longitudinally with 2 #2, 2#3, and 2#4 bars, respectively. For example, Beam C2
indicates that the compressive strength of concrete for this beam is 90.1 MPa and that the
reinforcement comprises 2 #3 bars in tension and 2 similar bars in compression. All the beams
had transverse reinforcement of 4 mm steel bars spaced at 100 mm centre-to-centre, which
provided sufficient shear reinforcement [15]. All GFRP-RC beams were designed to fail in
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flexure with the ratio of shear resistance to bending resistance larger than one. Groups A and
B beams were tested under four-point loads, whereas beams belonging to Group C beams were
tested under three-point loads. Based on the classification of ACI [24], Beams B1 and C1 were
under-reinforced, Beam A1 was balanced, and the remaining six beams (A2, A3, B2, B3, C2,
and C3) were over-reinforced. Table 3.1 presents the dimensions, average compressive
strength of concrete on the day of testing, reinforcement ratio, and failure modes of the GFRPRC beams tested. Moreover, results of the modulus of elasticity, ultimate strength, and rupture
strain of the GFRP bars used are presented in Table 3.2. In order to determine the bond-slip
properties of the GFRP bars in concrete, four GFRP-RC specimens were tested, as part of this
study, in accordance with RILEM [52]. The specimens were made of two parts, as shown in
Fig 3.2. Each part was 100 mm in width, 180 mm in depth, and 375 mm in length and was
separated by a 50 mm hinge. The slip of the GFRP bars was measured using LVDTs and the
strains in the bars were measured via strain gauges attached at the middle of the GFRP bars.
For the #3 (9.53 mm) GFRP bars, the average maximum bond stress (calculated based on the
readings of the strain gauges) was 22.3 MPa, the average maximum slip was 0.14 mm, and the
average exponential decay [45] was 0.1. Whereas, for the #4 (12.7 mm) GFRP bars, the average
maximum bond stress was 21.5 MPa, the average maximum slip was 0.11 mm, and the average
exponential decay was 0.12.

Fig 3.2. Bond-slip beam test
58

Table 3.1: Properties of the GFRP-RC beams tested and modelled
Beam Beam Dimensions of Compressive
Longitudinal
Group name
the beam
strength of
reinforcement
details
concrete 𝒇𝒇′𝒄𝒄
(𝐦𝐦𝐦𝐦)
(Similar for
(𝐌𝐌𝐌𝐌𝐌𝐌)
tension and
compression)
A
A1
100x150x2400
55.4
2 bars #2

B

C

A2
A3
B1
B2
B3
C1
C2
C3

70.8

90.1

2 bars #3
2 bars #4
2 bars #2
2 bars #3
2 bars #4
2 bars #2
2 bars #3
2 bars #4

Transverse
reinforcement
details

Test condition

4 mm steel
bars @ 100
mm

Four-point
loads

Three-point
loads

Table 3.2: Properties of the GFRP and steel reinforcement used in the experiment
Type of reinforcement
Diameter of the
Modulus of elasticity Tensile strength
bar
reinforcement bar
𝑬𝑬𝒇𝒇
𝒇𝒇𝒖𝒖
(𝐦𝐦𝐦𝐦)
(𝐌𝐌𝐌𝐌𝐌𝐌)
(𝐆𝐆𝐆𝐆𝐆𝐆)
GFRP
GFRP
GFRP
Steel

#2 (6.35 mm)
#3 (9.53 mm)
#4 (12.7 mm)
4 mm

37.5
55.6
48.6
200

732
1764
1605
500
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Design failure mode

Balanced (GFRP rupture & concrete
crushing)
Over-reinforced (Concrete crushing)
Over-reinforced (Concrete crushing)
Under-reinforced (GFRP rupture)
Over-reinforced (Concrete crushing)
Over-reinforced (Concrete crushing)
Under-reinforced (GFRP rupture)
Over-reinforced (Concrete crushing)
Over-reinforced (Concrete crushing)

Rupture
strain
𝜺𝜺𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇
(%)
1.96
3.18
3.30
N/A

Density
(𝐓𝐓/𝐦𝐦𝐦𝐦𝟑𝟑 )

Poisson’s
ratio

2.2e-9
2.2e-9
2.2e-9
7.85e-9

0.26
0.26
0.26
0.30

Fig 3.3(a) presents the image of the failed under-reinforced Beam B1, where it was observed
that the GFRP bars ruptured at the midspan of the beam causing the beam to be split into two
pieces. Fig 3.3(b) presents the failure mode of Beam B2, where the concrete at compression
failed. The contours of Fig 3.3 are damage contours defined in LS-DYNA between zero (blue
color) and three (red color). Moreover, the load-midspan deflection graph of all GFRP-RC
beams can be described as bilinear (Fig 3.4-3.6). The measured values of cracking and ultimate
loads and midspan deflections were presented in Table 3.3. However, for comparison with the
numerical investigation, the failure of the over-reinforced beams in this study was considered
up to the first peak in the load-midspan deflection graph. In terms of the crack profiles, it was
observed that all GFRP-RC beams, regardless of their longitudinal reinforcement ratio and
compressive strengths, developed cracks propagating vertically in the beams.
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Table 3.3: Numerical versus experimental results of GFRP-RC beams
Beam Beam
Numerical
Group

A

B

C

name

𝑃𝑃𝑐𝑐𝑐𝑐

∆𝑐𝑐𝑐𝑐

𝑃𝑃𝑢𝑢

∆𝑢𝑢

𝐸𝐸𝑎𝑎

(J)

Experimental

(𝐸𝐸𝐸𝐸)𝑝𝑝𝑝𝑝𝑝𝑝

(𝐸𝐸𝐸𝐸)𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑃𝑃𝑐𝑐𝑐𝑐

∆𝑐𝑐𝑐𝑐

𝑃𝑃𝑢𝑢

∆𝑢𝑢

𝐸𝐸𝐸𝐸𝐸𝐸

381.7

36.5

4.2

1.8

13.8

52.2

540

(KN. m2 ) (KN. m2 ) (KN) (mm) (KN) (mm)

(J)

(𝐸𝐸𝐸𝐸)𝑝𝑝𝑝𝑝𝑝𝑝

(𝐸𝐸𝐸𝐸)𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

331

37.5

A1

(KN) (mm) (KN) (mm)
4.3

1.6

18.1

70.1

895

A2

4.74

0.82

40.81

59.3

1360

820.9

95.4

3.1

0.8

39.2

60.4

1350

550

92.1

A3

2.5

0.5

49.12

48.5

1330

710

132.2

2.3

0.44

49.7

59.9

1730

742

117.8

B1

4.09

1.1

17.71

65.6

722

528

38.6

3.5

0.8

15.5

54.5

530

621

40.4

B2

4.68

0.91

48.23

68.4

1855

720

102.2

4.0

0.9

42.6

56.3

1350

631

107.4

B3

4.5

0.85

57.74

56.1

1780

751.6

148.4

3.8

0.8

49.5

47.3

1270

674.4

148.6

C1

3.87

2.35

15.15

66.1

630

233.9

32.6

3.1

0.9

15.0

81.8

735

489

26

C2

4.2

1.56

37.22

60.85

1239

382.3

87.4

3.8

1.7

33.0

62.7

1220

317.4

105

C3

4.5

1.36

44.81

49.4

1189

469.9

122

4.0

1.6

46.1

58.3

1510

355

112.3

(KN. m2 ) (KN. m2 )

Note: 𝑃𝑃𝑐𝑐𝑐𝑐 : Cracking load; 𝑃𝑃𝑢𝑢 : Ultimate load; ∆𝑐𝑐𝑐𝑐 : Midspan deflection corresponding to cracking load; ∆𝑢𝑢 : Midspan deflection corresponding to
ultimate load
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(a)

(b)
Fig 3.3. Damage profile: (a) under-reinforced beam (Beam B1) and (b) over-reinforced beam
(Beam B2)

3.4
3.4.1

Comparison between numerical and experimental results
Failure modes

The numerical models using LS-DYNA show the ability to capture the failure modes of GFRPRC beams. As described before, the failure modes of GFRP-RC beams were identified by
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analysing the strains in the reinforcement and concrete at failure. The under-reinforced beams
failed due to GFRP bar rupture prior to concrete reaching its ultimate strain �𝜀𝜀𝑓𝑓 =

𝜀𝜀𝑓𝑓𝑓𝑓 while 𝜀𝜀𝑐𝑐 < 𝜀𝜀𝑐𝑐𝑐𝑐 �. The balanced beam failed due to simultaneous GFRP bar rupture and

concrete at compression reaching its ultimate strain �𝜀𝜀𝑓𝑓 = 𝜀𝜀𝑓𝑓𝑓𝑓 and 𝜀𝜀𝑐𝑐 = 𝜀𝜀𝑐𝑐𝑐𝑐 �. The over-

reinforced beams failed due to concrete crushing with the strain in concrete reaching the
ultimate strain and the strain in GFRP bar lower than the rupture strain � 𝜀𝜀𝑐𝑐 = 𝜀𝜀𝑐𝑐𝑐𝑐 while 𝜀𝜀𝑓𝑓 <

𝜀𝜀𝑓𝑓𝑓𝑓 �. The FEM accurately captures the failure modes of all GFRP-RC beams. The ultimate load
for under-reinforced and balanced beams is the load at which the GFRP bars rupture. Whereas,

the ultimate load for an over-reinforced beam is the load when the strain of concrete at
compression reaches 𝜀𝜀𝑐𝑐𝑢𝑢 = 0.0035 as specified by CSA [25].

The models analysed in LS-DYNA show that the under-reinforced Beams B1 and C1 failed
without prior warning due to rupture of GFRP bars (Fig 3.3(a)). As the load gradually increased,
the strains in the GFRP bars and the concrete increased as well. When the strain in the GFRP
bars reached the failure strain, the bars ruptured and the beams failed. This was represented
numerically by deletion of the beam element at the midspan representing the GFRP
reinforcement. This led to a sudden drop in the load-carrying capacities of these beams showing
no ductility.
Moreover, the balanced Beam A1 failed due to simultaneous rupture of GFRP bars and crushing
of concrete in compression. As the applied load increased, the strain in the reinforcement and
concrete increased as well. The GFRP bars ruptured when reaching the failure strain and a
sudden drop in the load-carrying capacity of the beam was observed.
As for the remaining over-reinforced beams, all the models showed that these beams failed due
to concrete crushing (Fig 3.3(b)). The strains in the GFRP bars and the concrete increased with
the applied load. The FEM matches the experimental observations where the failure occurred
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at a strain of 𝜀𝜀𝑐𝑐𝑐𝑐 = 0.0035. Moreover, this strain matches the failure strain of concrete specified

by CSA [25]. In addition to that, the strain measured in the GFRP bars was lower than the

failure strain. It is noted that the over-reinforced beams were able to sustain extra loads after
the initial drop in the load-carrying capacity, which provided additional ductility before
complete collapse of the beams.
3.4.2

Load-midspan deflection behaviour

A comparison between the numerical and experimental load-midspan deflection curves of the
GFRP-RC beams is presented in Fig 3.4-3.6. It can be observed from Fig 3.4-3.6 that the FEM
is in very good agreement with the experimental results. The FEM shows the ability to capture
the bilinear response of the GFRP-RC beams. Furthermore, the FEM captures the cracking
loads and midspan deflections and also, the high bending stiffness of the uncracked section.
Moreover, the FEM also captures accurately the ultimate loads and midspan deflections of
GFPR-RC beams, and similarly, the bending stiffness of the cracked section.
The under-reinforced Beams B1 and C1 in addition to the balanced Beam A1 all experienced
similar load-midspan deflection behaviours. When the strain in the GFRP bars reaches the
failure strain, the bars rupture and a sudden drop in the load-carrying capacity of the beam was
observed. The load-midspan deflection graphs of the beams shown in Fig 3.4(a), Fig 3.5(a),
and Fig 3.6(a) all show the drop in the load-carrying capacity of the beams upon rupture of the
GFRP bars. The FEM shows the ability to replicate the experimental conditions and model the
rupture of the bars and the sudden drop in the load-carrying capacity of the beams. As for the
over-reinforced beams, it can be observed from the load-midspan deflection graphs that there
are some small discrepancies between the numerical and experimental trends of the midspan
deflection corresponding to the ultimate load. The experimental values of the midspan
deflections decrease as the compressive strength of concrete increases, whereas the numerical
analysis showed an increase in the midspan deflection corresponding to the ultimate load with
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an increase in the compressive strength. This is due to the differences between the experimental
and numerical failure strain of concrete. While the numerical failure strain was fixed at 𝜀𝜀𝑐𝑐𝑐𝑐 =

0.0035, the experimental failure strain varied causing the drop in the load-carrying capacity to

occur at a smaller deflection. In addition, the over-reinforced GFRP-RC beams show reserve

capacity even after reaching the failure strain in concrete. It should be noted, however, that in
this study the response of the GFRP-RC beams was modelled up to the ultimate strain in
concrete (𝜀𝜀𝑐𝑐𝑐𝑐 = 0.0035) as specified by CSA [25]. Adhikary et al. [53, 54] defined Energy
Absorption Capacity (EAC) as the energy absorbed by the beam under monotonic loading. The
EAC is calculated as the area under the load-midspan deflection curve up to the midspan
∆

deflection corresponding to the nominal load �∫0 𝑢𝑢 𝑃𝑃. 𝑑𝑑∆�, where 𝑃𝑃 is the load and ∆𝑢𝑢 is the

midspan deflection corresponding to the ultimate load. The EAC of the under-reinforced and
balanced beams was significantly lower than that of the over-reinforced beams. The shift in the
failure mode from GFRP bar rupture to concrete crushing increases the ultimate load resisted
by a GFRP-RC beam. Hence, the EAC of over-reinforced beams is higher than that of underreinforced. Table 3.3 presents the EAC, calculated both experimentally and numerically, of all
GFRP-RC beams. It is observed from the numerical analysis that the EAC increases with an
increase in the reinforcement ratio and the compressive strength of concrete. However, the
opposite was observed in the experiment. This is due to the experimental strain in concrete at
failure being higher than 0.35%, whereas the numerical strain at failure was 0.35%.
The bending stiffness was calculated by using Eq. (2) for three-point bending and Eq. (3) for
four-point bending:
𝑃𝑃𝑙𝑙𝑒𝑒 3
𝐸𝐸𝐸𝐸 =
48∆
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(2)

𝐸𝐸𝐸𝐸 =

𝑙𝑙 2
𝑃𝑃(𝑙𝑙𝑒𝑒 ) �3𝑙𝑙𝑒𝑒 2 − 4 � 3𝑒𝑒 � �

(3)

48∆

Where 𝑃𝑃 is the applied load, 𝑙𝑙𝑒𝑒 is the span of the beam, and ∆ is the midspan deflection of the

GFRP-RC beam.

The values of the bending stiffness for the cracked �𝐸𝐸𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 � and uncracked �𝐸𝐸𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝 � sections are
presented in Table 3.3. The experimental and numerical values of the bending stiffness seem

to be in good agreement. As the reinforcement ratio of the GFRP-RC beam increases, the postbending stiffness increases as well. This is due to the larger load and smaller deflection of a
GFRP-RC beam as the reinforcement ratio increases.

Fig 3.4. Load-midspan deflection behaviour of Group A beams

Fig 3.5. Load-midspan deflection behaviour of Group B beams
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Fig 3.6. Load-midspan deflection behaviour of Group C beams

3.4.3

Crack profile

One of the strengths of Winfrith Concrete Model is the ability to simulate cracks in concrete.
The crack profile of balanced Beam A1 is presented in Fig 3.7. It can be noted that all beams
failed in flexure, as predicted, with flexural cracks propagating vertically across the beams. The
FEM was able to capture conservatively the flexural cracks initiated at the bottom portion of
the beam and propagating vertically upwards. Fig 3.7(a) presents the crack pattern of Beam A1
with cracks over 0.1 mm in width and Fig 3.7(b) presents the crack pattern of Beam A1 with
cracks over 0.3 mm in width.

Fig 3.7. Crack profile of balanced Beam A1 showing crack widths (a) over 0.1 mm (b) over
0.3 mm
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3.4.4

Summary of comparison

Table 3.4 presents the ratios of the numerical to experimental results. It is observed from Table
3.4 that FEM matched very well with the experimental results for all GFRP-RC beams in terms
of the cracking, ultimate loads, and corresponding midspan deflections, bending stiffness, and
EAC. In particular, FEM matches best with the experimental results for the over-reinforced
beams. The numerical to experimental ratios were in the vicinity of one for all GFRP-RC
beams.
It is noted that the ratio of numerical to experimental EAC of the balanced Beam A1 is 1.66.
This can be attributed to the premature failure of the beam in the experimental investigations.
Another interpretation may be the differences in the GFRP bar properties (modulus of elasticity,
ultimate strength, and failure strain). The GFRP bars with small diameter (6.35 mm) had a large
variance in the results of their properties during material testing [53]. A small variation in the
GFRP bar properties can affect the failure load of under-reinforced and balanced GFRP-RC
beam, which may lead to higher or lower ultimate loads. On the other hand, in terms of the precracking bending stiffness, the FEM values of Beams A2 and C1 significantly vary from the
experimental values. This is attributed to the difficulty in accurately identifying the cracking
load and deflection numerically since the load-midspan deflection curves are not perfectly
bilinear.
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Table 3.4: Efficiency of numerical modelling
Beam Group
Beam name

A

B

C

Numerical/Experimental

A1

𝑃𝑃𝑐𝑐𝑐𝑐

1.02

∆𝑐𝑐𝑐𝑐

0.89

𝑃𝑃𝑢𝑢

1.31

∆𝑢𝑢

1.34

𝐸𝐸𝑎𝑎

1.66

(𝐸𝐸𝐸𝐸)𝑝𝑝𝑝𝑝𝑝𝑝
1.15

(𝐸𝐸𝐸𝐸)𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

A2

1.53

1.03

1.04

0.98

1.01

1.49

1.04

A3

1.09

1.14

0.99

0.81

0.77

0.96

1.12

B1

1.17

1.38

1.14

1.20

1.36

0.85

0.96

B2

1.17

1.01

1.13

1.21

1.37

1.14

0.95

B3

1.18

1.06

1.17

1.19

1.40

1.11

1.00

C1

1.25

2.61

1.01

0.81

0.86

0.48

1.25

C2

1.11

0.92

1.13

0.97

1.02

1.20

0.83

C3

1.13

0.85

0.97

0.85

0.79

1.32

1.09

Average

1.18

1.21

1.1

1.04

1.14

1.08

1.02
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0.97

3.5
3.5.1

Parametric study
Description of the parametric study

After the validation of the numerical modelling and proving its ability to capture the behaviour
of GFRP-RC beams, four comprehensive parametric studies are carried out to investigate the
effect of longitudinal reinforcement, compressive strength of concrete, shear span to effective
depth ratio, and modulus of elasticity of the GFRP bars on the response of GFRP-RC beams.
The purpose of these investigations is to explore the effect of the longitudinal reinforcement
ratio, compressive strength of concrete, shear span to effective depth ratio, and modulus of
elasticity of GFRP bars on the load-midspan deflection behaviour, EAC, and failure modes of
GFRP-RC beams. Moreover, taking advantage of the symmetry, quarter models were employed
with appropriate symmetry boundary conditions to model the beams in the parametric study. It
is noted that, unless otherwise specified, the properties of the GFRP bars were taken as the
guaranteed properties provided by V-Rod and Pultrall [55] with a modulus of elasticity of 59
GPa , ultimate strength of 900 MPa, 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 of 0.15 mm, and 𝐺𝐺𝑠𝑠 of 111 MPa/mm. The value of
the exponential decay of bond slip response was taken as per the recommendation of Shi, et al.
[45].
3.5.2

Influence of longitudinal reinforcement ratio

To investigate the effect of longitudinal reinforcement ratio, GFRP-RC beams with different
reinforcement ratios were modelled using LS-DYNA. The beams were 200 mm in width, 300
mm in height, and 2400 mm in length. The reinforcement used comprised two bars in the
tension side and two similar bars in the compression side. The reinforcement ratios of the beams
were 0.5%, 1%, 1.5%, 2%, 2.5%, and 3%. To cover a range of values for the compressive
strength of concrete 𝑓𝑓𝑐𝑐′ was varied between 30 MPa and 60 MPa. The group name for these
beams was R followed by a number indicating the reinforcement ratio and then another number
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indicating the compressive strength of concrete. For example, Beam R-1.5-30 indicates that the
beam is reinforced with 1.5% longitudinal reinforcement and has a compressive strength of
concrete of 30 MPa. All the beams were modelled for the behaviour under four-point loads.
The shear reinforcement of these beams comprised 10 mm steel stirrups spaced at 100 mm
centre-to-centre which ensures that these beams were flexural-critical beams.
In terms of the failure modes of the GFRP-RC beams of Group R, the beams were modelled as
under-reinforced, balanced, and over-reinforced. Beams R-0.5-50 and R-0.5-60 were underreinforced and failed with the rupture of the GFRP bars. A sudden drop in the load-carrying
capacity of the beam occurred and failed in a sudden manner. Furthermore, Beams R-0.5-30
and R-0.5-40 were balanced and the failure mode was simultaneous rupture of GFRP bars and
crushing of concrete. All the remaining beams were over-reinforced. The failure mode of these
beams was governed by concrete crushing. It was clear that at failure, the strain in the concrete
reached the failure strain while the strain in the GFRP bars was lower than the failure strain of
the GFRP bar. For example, Beam R-2-40 failed when the strain in concrete reached the failure
strain, 𝜀𝜀𝑐𝑐𝑐𝑐 = 0.0035, whereas the strain in the reinforcement was lower than the failure strain,

𝜀𝜀𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 . The maximum measured strain at the midspan of the GFRP bars was 𝜀𝜀𝑓𝑓𝑓𝑓𝑓𝑓 = 0.68%,

which was less than the failure strain, 𝜀𝜀𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 1.5%. Beams with reinforcement ratio of 0.5%
were under-reinforced and balanced. Increasing the reinforcement ratio from 0.5% to 1%
changed the beams to over-reinforced beams. Increasing the reinforcement ratio from 0.5% to
1% influenced the failure mode of the beams where a change in the failure mode from GFRP
bar rupture to concrete crushing took place with the increase in the reinforcement ratio.
In terms of the load-midspan deflection behaviour, it can be observed from Fig 3.8(a) that the
longitudinal reinforcement ratio had a prominent influence on increasing the ultimate load of
GFRP-RC beams. It can be observed from Fig 3.8(a) that beams R-0.5-40, R-0.5-50, and R-
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0.5-60 have the same ultimate load of 155 KN. This was due to the fact that increasing the
compressive strength of concrete from 30 MPa changed the beam from balanced to underreinforced. Once the load applied reached 155 KN, the GFRP bars ruptured. Furthermore,
increasing the reinforcement ratio from 0.5% to 1% led to a significant increase in the ultimate
load (35% to 67%). This significant increase can be attributed to the change of the failure modes
from under-reinforced and balanced to over-reinforced failure modes. The GFRP-RC beams
were able to sustain larger loads when the failure was governed by concrete crushing. However,
for over-reinforced beams, as the reinforcement ratio increased, the percentage of increase in
the maximum load decreased. An increase in the reinforcement ratio from 2.5% to 3% led to a
4% increase in the maximum load. Similar observations can be drawn regarding the midspan
deflection corresponding to the ultimate load of the GFRP-RC beams. Fig 3.8(b) presents the
midspan deflections corresponding to the ultimate loads of the GFRP-RC beams of Group R.
The midspan deflections corresponding to the ultimate loads of the Beams R-0.5-40, R-0.5-50,
and R-0.5-60 is 28.5 mm. This was due to the GFRP bars rupturing upon reaching this
deflection. Moreover, it can be observed that increasing the reinforcement ratio from 0.5% to
1% led to a 25% decrease in the midspan deflections corresponding to the ultimate loads. This
can be attributed to the change of failure mode from GFRP bar rupture to concrete crushing.
Furthermore, it can be observed that as the percentage of reinforcement increased for overreinforced beams, the percentage of decrease in the deflection corresponding to the ultimate
load decreased. Increasing the reinforcement ratio from 2.5% to 3% led to a 10% decrease in
the deflections corresponding to the ultimate loads of these beams. Fig 3.8(c) presents the EAC
of GFRP-RC beams of Group R. The EAC was calculated as the area under the load-midspan
deflection curve of the beam. The EAC was affected by the ultimate load and the corresponding
midspan deflection. For the GFRP-RC beams that were over-reinforced, increasing the
reinforcement ratio led to a decrease in the EAC of the beam. For example, Beam R-1-30 had
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an EAC of 1890 J, whereas Beam R-1.5-30 had an EAC of 1790 J. However, the increase in
the EAC in Fig 3.8(c), between the beams of reinforcement ratio of 0.5% and 1%, occurred
because of the change in the failure modes (from GFRP bar rupture to concrete crushing). It
was also observed that the highest EAC calculated was for beams with a reinforcement ratio
between 1%-1.5%.
In conclusion, an increase in the longitudinal reinforcement ratio leads to an increase in the
ultimate load, a decrease in the midspan deflection corresponding to the ultimate load, and EAC
of the GFRP-RC beam.
3.5.3

Influence of compressive strength of concrete

To investigate the effect of the compressive strength of concrete, GFRP-RC beams with
different compressive strengths of concrete were modelled using LS-DYNA. The beams were
classified into four main groups according to their compressive strengths. The compressive
strengths of concrete of these beams were 30, 40, 50, and 60 MPa. The beams were 200 mm in
width, 300 mm in height, and 2400 mm in length. To cover a range of reinforcement ratios,
each main group included four reinforcement ratios of 0.5%, 1%, 2%, and 3%. The group name
for these beams was M followed by a number indicating the compressive strength of concrete
and then another number indicating the reinforcement ratio. For example, Beam M-40-3
indicates that this beam has a compressive strength of 40 MPa and is reinforced with 3% as a
longitudinal reinforcement. All the beams were tested under four-point loads. The shear
reinforcement of these beams comprised 10 mm steel stirrups spaced at 100 mm centre-tocentre which ensures that these beams were flexural-critical beams.
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Fig 3.8. Effect of reinforcement ratios in GFRP-RC beams on: (a) Maximum load, (b) Midspan deflection at maximum load, and (c) Energy
Absorption Capacity
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In terms of the failure modes, Group M included under-reinforced, balanced, and overreinforced beams. Beams M-50-0.5 and M-60-0.5 were under-reinforced, whereas Beams M30-0.5, M-40-0.5 were balanced. All the remaining beams were over-reinforced. The underreinforced and balanced GFRP-RC beams failed due to GFRP bar rupture which was evident
through the sudden drop in the load-carrying capacity. For the over-reinforced beams, it was
clear that at failure, the strain in the concrete reached the failure strain 𝜀𝜀𝑐𝑐𝑐𝑐 = 0.0035 while the

strain in the GFRP bars was below the failure strain. For Beam M-40-2, the maximum measured
strain was 𝜀𝜀𝑓𝑓𝑓𝑓𝑓𝑓 = 0.78%, which was less than the failure strain 𝜀𝜀𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 1.5%. Moreover, the

maximum measured strain in the GFRP bars decreased as the compressive strength of concrete
increased.
In terms of the load-midspan deflection behaviour, the results are discussed in terms of cracking
load, ultimate load, corresponding midspan deflection, and EAC. The cracking load, 𝑃𝑃𝑐𝑐𝑐𝑐 , is

directly proportional to the square root of the compressive strength of concrete. In the case of
four-point load, 𝑃𝑃𝑐𝑐𝑐𝑐 can be calculated by using Eq. (4) found in ACI [24]:
𝑃𝑃𝑐𝑐𝑐𝑐 =

6𝑀𝑀𝑐𝑐𝑐𝑐 6 0.62�𝑓𝑓𝑐𝑐′ 𝐼𝐼𝑔𝑔
= �
�
𝑙𝑙
𝑙𝑙
𝑦𝑦𝑡𝑡

(4)

where 𝐼𝐼𝑔𝑔 is the second moment of area (in mm4), 𝑦𝑦𝑡𝑡 is half the height of the beam (in mm), and

𝑙𝑙 is the length of the beam (in mm). Increasing the compressive strength of concrete, led to an
increase in the cracking load of a GFRP-RC beam. This was observed from the numerical

modelling as well where the value of the cracking load increased with the increase in the
compressive strength of concrete. Moreover, the ultimate load that a GFRP-RC beam increased
with an increase in the compressive strength of concrete. Fig 3.9(a) presents the ultimate loads
for GFRP-RC beams as a function of compressive strengths of concrete between 30 MPa and
60 MPa for four different reinforcement ratios. Beams with 0.5% reinforcement ratio showed
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an increase in the ultimate load of 6.7% when the compressive strength of concrete increased
from 30 MPa to 40 MPa. However, further increase in the compressive strength of the concrete
did not lead to any increase in the ultimate load. This can be attributed to the failure modes of
the beams where the beams with the same ultimate load failed due to GFRP bar rupture. Beams
that failed due to concrete crushing sustained higher loads upon increasing the compressive
strength of concrete. This leads to the conclusion that as the compressive strength of concrete
increases, for over-reinforced beams, the ultimate load carried by a beam increases as well. A
similar observation can be drawn for the midspan deflections corresponding to the ultimate
loads. Fig 3.9(b) presents the deflections corresponding to the ultimate loads for GFRP-RC
beams as a function of compressive strengths of concrete between 30 MPa and 60 MPa for four
different reinforcement ratios. For the beams with a reinforcement ratio of 0.5%, increasing the
compressive strength of concrete from 40 MPa to 60 MPa did not cause any significant change
in the value of the deflection corresponding to the ultimate load. Beams failing due to GFRP
bar rupture failed at the same deflection corresponding to the ultimate load, of 28.7 mm,
regardless of the compressive strength of concrete. In terms of the EAC, Fig 3.9(c) presents the
EAC for GFRP-RC beams as a function of compressive strengths of concrete between 30 MPa
and 60 MPa for four different reinforcement ratios. The EAC of the GFRP-RC beams was
calculated by integrating the area under the load-midspan deflection curve. Since the EAC is
related to the ultimate load and corresponding midspan deflection, then beams with
reinforcement ratio of 0.5% have the same values for EAC of 3080 J. Moreover, as the
compressive strength of concrete increased, the EAC of the beams increased as well in an
approximately linear manner. For the beams with reinforcement ratio of 1%, the increase from
30 MPa to 40 MPa was 18%, and the increase from 45 MPa to 60 MPa was 22%. Furthermore,
it was observed that beams with a reinforcement ratio between 1% and 2% sustained the highest
EAC.
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Fig 3.9. Effect of compressive strength of concrete in GFRP-RC beams on: (a) Maximum load, (b) Midspan deflection at maximum load, and
(c) Energy Absorption Capacity
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3.5.4

Influence of modulus of elasticity of GFRP bars

To investigate the effect of the modulus of elasticity, 𝐸𝐸𝑓𝑓 , of GFRP bars, GFRP-RC beams with
different Ef were modelled using LS-DYNA. The typical values of 𝐸𝐸𝑓𝑓 of the GFRP bars as

specified by ACI [24] are between 35 GPa and 51 GPa. Moreover, Hasan, et al. [56] tested
GFRP bars with 𝐸𝐸𝑓𝑓 up to 76.8 GPa. Therefore, the 𝐸𝐸𝑓𝑓 of the GFRP bars chosen for this study
was 30, 40, 50, 60, 70, and 80 GPa. The ultimate strength of the GFRP bars was fixed at 900
MPa. The compressive strength of these beams was 30 MPa. The reinforcement ratio of these
beams was either 2% or 3 %. The group name for these beams was E, followed by a number
indicating the modulus of elasticity of the GFRP bars and then another number indicating the
reinforcement ratio. For example, Beam E-40-2 indicates that this beam has GFRP bars of
modulus of elasticity of 40 GPa and a reinforcement ratio of 2%. All the beams were overreinforced and flexure-critical. The purpose of this study was to investigate the effect of 𝐸𝐸𝑓𝑓 on

the ultimate load, corresponding midspan deflection, and EAC of the GFRP-RC beams.

In terms of the failure modes, all the beams failed due to concrete crushing. It was observed
that the beams with higher 𝐸𝐸𝑓𝑓 had lower values of strain in the GFRP bars when concrete failed.

For example, Beam E-30-2 had a strain 𝜀𝜀𝑓𝑓𝑓𝑓𝑓𝑓 = 0.87% when the strain in concrete reached

𝜀𝜀𝑐𝑐𝑐𝑐 = 0.0035. Whereas Beam E-80-2 had a strain in the GFRP bars of 𝜀𝜀𝑓𝑓𝑓𝑓𝑓𝑓 = 0.36% when the

strain in concrete reached 𝜀𝜀𝑐𝑐𝑐𝑐 = 0.0035.

Fig 3.10(a) presents the ultimate loads of GFRP-RC beams for variable values of 𝐸𝐸𝑓𝑓 . It was

observed that as 𝐸𝐸𝑓𝑓 increased, the ultimate load of a GFRP-RC beam increased as well. For

example, at 𝜀𝜀𝑐𝑐𝑐𝑐 = 0.0035, Beam E-30-3 experienced an ultimate load of 248 KN, whereas

Beam E-80-3 experienced an ultimate load of 284 KN. This increase of 15% was due to the
increase in the modulus of elasticity of the GFRP bars. It was also observed that for high values
of 𝐸𝐸𝑓𝑓 (70 and 80 GPa), the increase in the ultimate load was very low. The increase in 𝐸𝐸𝑓𝑓 from
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70 to 80 GPa led to a 2% increase in the ultimate load only. The opposite observation can be
drawn for the values of the midspan deflections corresponding to the ultimate loads. It was
observed that these deflections decreased as 𝐸𝐸𝑓𝑓 increased, Fig 3.10(b) Beam E-30-3

experienced a midspan deflection of 14.74 mm, whereas Beam E-80-3 experienced a midspan
deflection of 7.6 mm. This significant decrease of 48% between Beam E-30-3 and Beam E-80-

3 was due to the higher modulus of elasticity of the GFRP bras. The GFRP bars with lower
values of 𝐸𝐸𝑓𝑓 allow the beams to undergo larger deflections. Moreover, the increase in 𝐸𝐸𝑓𝑓 from
70 to 80 GPa led to an 8% decrease in the deflection corresponding to ultimate load.

Furthermore, the EAC of these beams was calculated and a comparison was presented in Fig
3.10(c) It can be observed from these figures that the EAC for all GFRP-RC beams decreased
with an increase in the 𝐸𝐸𝑓𝑓 of the GFRP bars. Beam E-30-3 experienced an EAC of 2360 J,

whereas Beam E-80-3, with lower 𝐸𝐸𝑓𝑓 , experienced an EAC of 1205 J.

In conclusion, the modulus of elasticity of the GFRP bars influences the midspan deflection
corresponding to the ultimate load of the beams the most (48% decrease from E-30-3 to E-803), whereas it has a minor influence on the ultimate load of the beam (12.8% increase from E30-3 to E-80-3). The EAC is significantly influenced by 𝐸𝐸𝑓𝑓 as well (43.6% decrease from E30-3 to E-80-3).
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Fig 3.10. Effect of 𝐸𝐸𝑓𝑓 of GFRP bars on: (a) Maximum load, (b) Midspan deflection at maximum load, and (c) Energy Absorption Capacity
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3.5.5

Influence of shear span to effective depth ratio

To investigate the effect of shear span 𝑎𝑎 to effective depth 𝑑𝑑 ratio �𝑎𝑎�𝑑𝑑�, GFRP-RC beams

with different shear span to effective depth ratio were modelled using LS-DYNA. The variable
in this study was the span length of the beam, while all the other parameters were kept constant.
The “𝑎𝑎⁄𝑑𝑑 ” ratio, was altered between 4 and 8 by changing the length of the beam and keeping
the effective depth fixed. All five beams were tested under four-point loads. The beams were

200 mm in width and 300 mm in height. The compressive strength of concrete was fixed to 40
MPa. Moreover, the longitudinal reinforcement ratio of these beams was 2%. The transverse
reinforcement of these beams comprised 10 mm steel bars spaced at 100 mm centre-to-centre.
Hence, the beams were designed to fail in flexure. All the beams were designed as overreinforced beams with concrete crushing governing the failure mode of these GFRP-RC beams.
It was noted that decreasing the 𝑎𝑎⁄𝑑𝑑 ratio increases the ultimate load carried by the GFRP-RC

beams. It can be noted from Fig 3.11 that an increase in the 𝑎𝑎⁄𝑑𝑑 ratio from 4 to 5 led to a 12%
decrease in the ultimate load carried by the beam. Furthermore, increasing the 𝑎𝑎⁄𝑑𝑑 ratio
increased the midspan deflection corresponding to the ultimate load of the beam linearly. Fig

3.11 shows that an increase in 𝑎𝑎⁄𝑑𝑑 ratio from 5 to 6 led to a 30% increase in the midspan
deflection corresponding to the ultimate load of the GFRP-RC beam. This decrease in
maximum load and increase in maximum deflection was attributed to the geometry of the beam
where the maximum moment at the midspan of the beam increases with an increase in the span
of the beam. It is recommended to use low 𝑎𝑎⁄𝑑𝑑 ratios (in the vicinity of 4) in the design of the
GFRP-RC beams, if possible.
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3.6

Conclusions

Nine GFRP-RC beams have been numerically modelled and analysed to validate the ability of
the numerical model in capturing the experimental behaviour of GFRP-RC beams. The
numerical model developed has the ability to accurately capture all three different failure modes
of the GFRP-RC beams (under-reinforced, balanced, and over-reinforced). The numerical
model developed has the ability to predict accurately the load-midspan deflection behaviour of
GFRP-RC beams including the ultimate load, corresponding midspan deflection, and EAC.
Therefore, it is recommended to use numerical investigations prior to experimental
investigations for guidelines. After the validation, a comprehensive parametric study has been
carried out to study the influence of the longitudinal reinforcement ratio, the compressive
strength of concrete, the modulus of elasticity of the GFRP bars, and the 𝑎𝑎⁄𝑑𝑑 ratio of the GFRPRC beams on the ultimate loads, corresponding midspan deflections, and Energy Absorption
Capacity (EAC) of GFRP-RC beams. The following conclusions are noted:
1. The GFRP-RC beams with reinforcement ratio of 0.5% experienced brittle failure modes
due to GFRP bar rupture. Increasing the reinforcement ratio from 0.5% to 1% leads to
significant increase in the ultimate load (67%), EAC (48%), and also leads to a (27%) decrease
in the midspan deflection corresponding to the ultimate load of GFRP-RC beams due to the
change in failure modes from GFRP bar rupture to concrete crushing. Moreover, the highest
EAC were observed for reinforcement ratios between 1% and 1.5%.
2. The GFRP-RC beams with low reinforcement ratios (0.5% - 1%) and high compressive
strength of concrete (60 MPa) fail in a brittle manner due to GFRP bar rupture. Increasing the
compressive strength of concrete (from 30 MPa to 60 MPa) of the over-reinforced GFRP-RC
beam leads to an (40%) increase in the ultimate load, corresponding midspan deflection, and
(64% increase) EAC of the GFRP-RC beam. Moreover, increasing the compressive strength of
concrete was more effective with reinforcement ratios between 1% and 2%. Also, for the under83

reinforced GFRP-RC beams failing due to rupture of GFRP bar, the ultimate load and deflection
do not change with the increase of the compressive strength of concrete.
3. Increasing the modulus of elasticity of the GFRP bars (from 30 GPa to 80 GPa) leads to a
significant decrease in the midspan deflection corresponding to the ultimate load and a decrease
in the EAC of GFRP-RC beams (48.4% and 43.6% respectively). Increasing the modulus of
elasticity also leads to an increase in the ultimate load (12.8%). Also, increasing the modulus
of elasticity beyond 70 GPa, for over-reinforced beams GFRP-RC beams, has a minor influence
on the ultimate load and EAC.
4. Increasing the 𝑎𝑎⁄𝑑𝑑 ratios of the GFRP-RC beams (between 4 and 8) decreases the ultimate
load and increases the corresponding midspan deflection linearly. Beams with 𝑎𝑎⁄𝑑𝑑 ratios in

the vicinity of four performed the best in terms of ultimate loads and deflections.
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Preamble
After developing a numerical model that captures the behavior of Glass Fiber-Reinforced
Polymer bar reinforced concrete (GFRP-RC) beams under quasi-static loads, this chapter
presents the numerical investigations on the dynamic behavior of the GFRP-RC beams under
low-velocity impact loads. No numerical studies have yet investigated the dynamic behavior
of GFRP-RC beams under low-velocity impact loads. Based on the findings of the study
presented in the previous chapter, a numerical model was developed to capture the impact
response of the GFRP-RC beams.
The numerical model presented in this chapter was then validated against the results of the
experimental investigations carried out at the University of Wollongong on GFRP-RC beams
under low-velocity impact loads. The calibrated numerical model was then used in a parametric
study that investigated the influence of several parameters on the dynamic behavior of GFRPRC beams.
In the literature, extensive investigations were carried to investigate the influence of the shear
reinforcement on the behavior of Steel-RC beams under low-velocity impact loads. It was
found that the shear reinforcement significantly influences the failure modes of the Steel-RC
beams. No study has yet investigated the influence of the shear reinforcement on the behavior
of the GFRP-RC beams under low-velocity impact loads. In addition, no study has yet
investigated the overload damage mechanisms of GFRP-RC beams. Therefore, experimental
studies were required to investigate the influence of the shear reinforcement on the overload
damage mechanisms of GFRP-RC beams. The next chapter presents the experimental
investigations carried out to investigate the overload damage mechanisms of GFRP-NSC
beams subjected to high-intensity low-velocity impact loads.
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Abstract
This paper investigates numerically the behavior of Glass Fibre Reinforced Polymer (GFRP)
bar reinforced concrete beams (GFRP-RC beams) under low-velocity impact loads. A finite
element model has been developed and calibrated against the experimental investigation results
of six GFRP-RC beams. The results of the numerical analysis have been found in very good
agreement with the experimental investigation results. The finite element model captured the
failure modes, crack profiles, midspan deflection, impact and reaction forces, and dynamic
strain of the GFRP-RC beams. Moreover, a parametric study has been carried out to investigate
the influence of the reinforcement ratio, compressive strength of concrete, drop mass, drop
velocity, and impact energy on the response of GFRP-RC beams under low-velocity impact
loads. It was found that the drop mass and velocity significantly influenced the damage profiles
of the beams and the reinforcement ratio significantly influenced the midspan deflection and
reactions at the support.

4.1

Introduction

Fibre Reinforced Polymer (FRP) bars have emerged as one of the most suitable replacements
for steel bars in Reinforced Concrete (RC) structures, especially in aggressive and corrosive
environments. Glass FRP (GFRP) bars, in particular, have been popular and suitable for
replacing steel bars in RC structures due to their availability, relatively low cost, and high
ultimate strength. Recently, impact loads on structures and structural components have been
receiving increasing research attention due to the increase in terrorist attacks worldwide. The
response of Glass Fibre Reinforced Polymer bar Reinforced Concrete (GFRP-RC) beams under
impact loads varies significantly from the response under static loads. Several studies
investigated the response of GFRP-RC beams under static loads [1-4] and Steel-RC beams
under impact loads [5-10]. However, the response of GFRP-RC beams under impact loads has
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not been adequately investigated [11,12]. The key parameters (e.g. reinforcement ratio,
concrete compressive strength, velocity of impact, and mass of the drop hammer) influencing
the response of GFRP-RC beams under impact loads have not been thoroughly investigated.
Experiments carried out to investigate the response of GFRP-RC beams under impact loads are
expensive. The finite element method has been widely used to model the behavior of RC beams
under low-velocity (velocity less than 10 m/sec [32.81 ft/sec]) impact loads [13-18]. The finite
element method is both cost and time efficient and is reliable in modelling the behavior of
GFRP-RC beams under impact loads. There have been no numerical studies in the literature
that investigated the response of GFRP-RC beams under low-velocity impact loads. The finite
element program LS-DYNA [19, 20] has been one of the most popular codes to model the
response of RC beams under low-velocity impact loads due to its comprehensive material
library and ability to capture the non-linear response of RC beams under low-velocity impact
loads. Hence, a comprehensive numerical investigation is carried out in this paper to understand
the complex behavior of GFRP-RC beams under low-velocity impact loads.

4.2

Research significance

This study explores, through numerical analysis, the response of GFRP-RC beams under lowvelocity impact loads. An extensive parametric study has been carried out to investigate the
effect of longitudinal reinforcement, compressive strength of concrete, drop mass, drop
velocity, and impact energy on the response of GFRP-RC beams under impact loads. The results
of this study will help in developing guidelines for the design of GFRP-RC beams under impact
loads. Moreover, the experimental investigations will provide detailed data that can assist in the
validation of future numerical and analytical studies.
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4.3

Numerical investigations

The finite element code LS-DYNA has been extensively used in the literature to model the
behaviour of Steel-RC beams under impact loads [14, 16-18, 21-27]. The advantages of using
LS-DYNA include the efficient computational capability and the availability of a
comprehensive material library.
4.3.1

Structural geometry

To account for the experimental conditions (presented in the next section), a three dimensional
(3D) FE model was created. The full 3D FE model presented in Fig 4.1 accounts for the
boundary conditions (roller and pinned supports) and for the loading conditions (drop hammer).
To represent the concrete, supports, and drop hammer, eight-node solid hexahedron elements
with single point integration were used. Single point integration produces a less stiff element
and saves substantial computational time. However, an overhead of using one-point integration
is the need to control the zero energy modes (hourglass modes) for the stability of the solution.
In order to control and minimize the hourglass mode, Flanagan-Belytschklo hourglass control
was chosen for the solid elements. The hourglass energy is presented in Fig 4.2, where it is
calculated to be less than 0.3% of the total energy. To represent the GFRP bar for the
reinforcement, 2D Hughes-Liu beam elements with 2x2 Gauss quadrature integration were
used. A separate convergence study was carried out to select the appropriate mesh size. Mesh
sizes of 20, 15, 10, and 5 mm (0.787, 0.59, 0.393, and 0.197 inch) were modelled and analysed.
It was found that a mesh size of 10 mm (0.59 inch and mesh aspect ratio of 1) was the most
suitable for this study. The decrease in the mesh size below 10 mm (0.59 inch) increased the
computational time significantly with a minor influence on the accuracy of the results.
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Fig 4.1. 3D model of the GFRP-RC beam
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Fig 4.2. Stability of the solution – Hourglass energy

4.3.2

Contact and boundary condition

While several formulations are available in LS-DYNA to model the contact between the drop
hammer beam, and supports, the automatic contact option was found to be sufficient for the
current study. Pin and roller supports were used in order to replicate the boundary conditions
of the experiment. The pin support restrained the movement and allowed the rotation about its
major axis, whereas the roller support allowed translation and rotation about its major axis. The
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nodes located above the supports, on the top surface of the beam, were also restrained to prevent
the uplift of the beam after the impact. Furthermore, the drop hammer was constrained to
vertical movement in order to replicate the movement of the free-falling drop hammer.
Moreover, taking the advantage of the symmetry, quarter models were used with appropriate
symmetry boundary conditions to model the GFRP-RC beams in this study. In order to replicate
the loading conditions, the drop hammer was set at a starting position 1 mm above the beam
and was assigned an initial velocity v0 = �2gh (calculated from the condition of a free-falling

body) where g is the gravitational acceleration and h is the drop height. The self-weight of the

beam, drop hammer, and gravitational acceleration were taken into account as well to replicate
the experimental conditions. To avoid spurious oscillation at the contact surfaces, suitable
viscous damping was specified for the model.
4.3.3

Bond-slip model

The bond between the GFRP bars and the concrete was modelled using a one-dimensional
bond-slip model. A perfect bond was assumed between the concrete and the steel stirrups using
merged nodes. The one-dimensional bond-slip model allows a set of nodes of the reinforcement
(slave nodes) to slide along a set of nodes of the concrete (master nodes) via fictitious springs.
Modelling the bond between the reinforcement and the concrete using a bond-slip model was
used in previous research studies [28-31]. This contact model is an elastic-perfect-plastic model
that requires input of the bond shear modulus (Gs ), maximum elastic slip (𝑠𝑠𝑚𝑚𝑚𝑚𝑚𝑚 ), damage curve
exponential coefficient (ℎ), and damage parameter (𝐷𝐷). The relationship of the elastic-perfectplastic model is given by Equation (1):
𝐆𝐆𝐬𝐬 𝐬𝐬,
𝝉𝝉 = �
𝛕𝛕𝐦𝐦𝐦𝐦𝐦𝐦 𝐞𝐞−𝐡𝐡𝐡𝐡 ,

𝐬𝐬 ≤ 𝐬𝐬𝐦𝐦𝐦𝐦𝐦𝐦
𝐬𝐬 > 𝐬𝐬𝐦𝐦𝐦𝐦𝐦𝐦

Where 𝜏𝜏 is the bond shear stress of the GFRP bars.
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(1)

4.3.4

Modelling of materials

4.3.4.1 Concrete
The Winfrith [19] concrete model, chosen for this study, has been developed over many years
by Broadhouse and Neilson [32] and Broadhouse [33]. This model was developed to model
structures subjected to blast and impact loads. This concrete model was validated extensively
in the literature and its ability to capture the complex behaviour of RC structures under impact
loads is well established [25, 34-39]. An advantage of this concrete model is that a small number
of input parameters required, including the density, initial tangent modulus (Ec = 4,700�fc′

[when fc′ is in MPa] and Ec = 57,000�fc′ [when fc′ is in psi], as specified by ACI [40]),
Poisson’s ratio, uniaxial compressive and tensile strengths, and aggregate size of concrete.

These parameters were determined in Goldston et al. [11]. The stress-strain diagram of the
concrete is generated automatically by the Winfrith Concrete Model. Moreover, the Winfrith
model has the ability to include strain rate effects and to generate crack growth algorithms. The
additional binary output file includes information about the number, location, and width of the
cracks. However, since the Winfrith model does not implicitly include an erosion criteria, an
additional function was added such that, upon satisfying an appropriate failure criteria of
concrete in compression, concrete elements were removed from the model.
4.3.4.2 Reinforcement
The Piecewise Linear Plasticity model [19] was chosen to model the GFRP bar in this study.
The input parameters for this model include the modulus of elasticity, Poisson’s ratio, yield
stress, tangent modulus, and plastic failure strain. This material model can be used for GFRP
bars with an adequate choice of the input parameters. Fig 4.3 shows the stress-strain curve of a
typical GFRP bar using the Piecewise Linear Plasticity model. In order to replicate the
behaviour GFRP bar behaviour, a tangent modulus value of zero (ETAN=0) is assigned,
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allowing an elastic-perfectly-plastic behaviour. The value of the ultimate strain is then chosen
for the pseudo-plastic strain in order for the GFRP bars to fail upon entering the plastic phase.
Specifying those values ensures that the behaviour of GFRP bars is perfectly linear until the
failure specified by the pseudo yield stress. Once the failure criteria is reached, the beam
element is deleted from the calculation.

Fig 4.3. Numerical stress-strain curve for GFRP reinforcement bar

4.3.4.3 Supports and drop hammer
The steel supports and steel drop hammer were modelled using ‘Rigid’ model. An input of
density, modulus of elasticity, and Poisson’s ratio are required by this material model. Since
the drop hammer and supports consisted of steel, the density and modulus of elasticity of steel
were used in this material model.

4.4

Experimental investigations

This section includes a description of the experiments carried out by the authors to investigate
the impact response of six GFRP-RC beams. The full details of the impact experiment can be
found in Goldston et al. [11]. For the purpose of completeness of the numerical analysis, a brief
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description of the experimental investigations is presented below.
A total of six GFRP-RC beams were tested under impact loads. The beams were designed in
accordance with ACI40. One beam was designed as under-reinforced beam, one beam was
designed as balanced beam, and four beams were designed as over-reinforced beams. These
beams were chosen to investigate all three different types of failure modes. The beams were
100 mm (3.94 inch) in width, 150 mm (5.91 inch) in height, and 2400 mm (7.87 ft) in length
with a clear concrete cover of 15 mm (0.591 inch). The clear span of the beam was 2000 mm
(6.56 ft). The beams were divided into two main groups according to their concrete compressive
strength. The compressive strengths of concrete at the day of testing for Groups A and B were
57.4 MPa (8.33 ksi) and 72.3 MPa (10.5 ksi) respectively. Moreover, each group included three
GFRP-RC beams with different reinforcement arrangements. The number following the group
name (A and B) indicates the type of reinforcement used in the GFRP-RC beams. The GFRP
bars of diameters 6.35 mm (0.25 inch), 9.53 mm (0.375 inch), and 12.7 mm (0.5 inch) were
used in the experiment. In the beam name, number 1 indicates that two GFRP bars of 6.35 mm
(0.25 inch) diameter were used as longitudinal reinforcement, numbers 2 and 3 indicate that
two GFRP bars of diameters 9.53 and 12.7 mm (0.375 and 0.5 inch) each, respectively were
used as longitudinal reinforcement. Beams with the numbers 1, 2, and 3 in the names had
reinforcement ratios of 𝜌𝜌𝑓𝑓 = 0.5%, 1%, and 2%, respectively. The compression reinforcement

was similar to the tension reinforcement in all the GFRP-RC beams and consisted of two GFRP
bars of the same diameter as those in tension. Steel bars of 4 mm (0.157 inch) diameter spaced
at 100 mm (3.94 inch) centre-to-centre were used as transverse reinforcement. The properties

of the GFRP and steel bars were tested by the authors in Goldston et al. [11], were presented in
Table 4.1. The mass of the drop hammer used in the experimental investigations was 110 kg
(243 lbs). The drop height was 1200 mm (3.94 ft) and could be assumed to be a free falling
system without friction. The drop velocity was 4.85 m/s (15.9 ft/s) at impact. All the GFRP-RC
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beams were designed to fail in flexure (flexure-critical) with a shear-to-bending resistance ratio
larger than one. The predicted failure modes according to ACI [40] were balanced failure for
Beam A1, under-reinforced failure for Beam B1, and over-reinforced failure for the remaining
beams (Beams A2, A3, B2, and B3). The midspan deflections were measured by a Laser-type
Variable Displacement Transducer (LVDT) with a measuring range of 90 mm (3.54 inch). The
strain in the GFRP bars was measured using strain gauges attached to the GFRP bars. In order
to allow the strain gauges to be in direct contact with the GFRP bars, the sand coating on the
GFRP bars was removed and the strain gauges were placed at the midspan of the GFRP bars.
The impact and reaction forces were measured using load cells attached to the drop hammer
and the supports. The variables of the experiment were the longitudinal reinforcement ratio and
the compressive strength of concrete. The investigation aimed at understanding the behaviour
of GFRP-RC beams under impact loads in terms of failure modes, midspan deflection, strain in
GFRP bar, and impact and reaction forces.

Table 4.1: Properties of the GFRP and steel reinforcement used in the experiment (Goldston
et al [11])
Tensile
Diameter of the Modulus of
Type of
Rupture strain
reinforcement bar elasticity 𝐸𝐸𝑓𝑓 strength 𝑓𝑓𝑢𝑢
reinforcement bar
(%)
(mm)
(MPa)
(GPa)
GFRP

6.35

37.5

732

1.96

GFRP
GFRP

9.53
12.7

55.6
48.6

1764
1605

3.18
3.30

Steel

4

200

500

N/A

Note: 1 mm = 0.0394 inch, 1 MPa = 145 psi, 1 GPa = 145 ksi, The fiber volume fraction of
GFRP bars was 70%

To determine the values of the bond shear stress, maximum slip and damage coefficient, four
specimens were tested under static loads according to RILEM [41]. All specimens were formed
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of two parts, as shown in Fig 4.4. Each specimen was formed of two parts separated by a
distance of 50 mm (1.97 inch). Each part of the specimens was 100 mm (3.94 inch) in width,
180 mm (7.1 inch) in depth, and 375 mm (1.23 ft) in length. The embedment length used was
six times the bar diameter according to Yan et. Al [42], as it provides a desirable failure. The
diameters of the GFRP bars tested were 9.53 mm (0.375 inch) and 12.7 mm (0.5 inch). The
specimens were tested using a 5000 kN (1124 kips) Instron machine (Fig 4.4). The applied
displacement was 1 mm/min (0.0394 inch/min). The displacement was applied until the failure
of the bond between the GFRP bar and the concrete. The slip between the GFRP bars and the
concrete was measured using LVDT’s. The strains in the GFRP bars were measured using strain
gauges attached to the GFRP bars.

Fig 4.4. Bond-slip test of the GFRP-RC specimens (Dimensions in mm. 1 mm = 0.0394 inch)

4.5
4.5.1

Experimental results and discussion
Failure modes

As per the design codes ACI [40] and CSA [43], since GFRP bars do not yield, the preferred
failure mode is concrete crushing in over-reinforced beams, which provides a warning prior to
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the collapse of the structure. The under-reinforced failure mode occurs due to GFRP bar rupture,
whereas the balanced failure mode occurs due to simultaneous rupture of FRP bars and failure
of concrete in compression. A brief description of the failure modes of the GFRP-RC beams is
presented below.
Under-reinforced and balanced failure
The balanced Beam A1 and the under-reinforced Beam B1 failed due to the rupture of GFRP
bars. The impact energy (1295 J) transferred to the beams from the drop hammer was sufficient
to cause failure of the beam. The terms energy absorption capacity has been used by Adhikary
et al. [17, 44] as the energy absorbed by the beam. The energy absorption capacity of the beam
was calculated as the area under the load-midspan deflection curve from zero deflection until
the midspan deflection corresponding to the maximum load. The energy absorption capacities
of Beams A1 and B1 were 518 J and 435 J, respectively. The beams started deflecting upon
contact with the drop hammer and kept increasing until the GFRP bars ruptured. The cracks
were predominantly flexural cracks which started developing and propagating vertically
upwards until the failure of the beam. The beams were then split into two parts at the impact
zone. Moreover, a local failure was observed, which was due to the spalling of concrete in the
impact zone.
Over-reinforced failure
The over-reinforced Beams A2, A3, B2, and B3 failed due to concrete crushing. The impact
energy (1295 J) of the first drop was not sufficient to cause failure of the beams. The beams
returned to their initial position showing an elastic behaviour indicating reserve capacity. Shear
cracking was evident at the impact area with the crushing of the concrete cover. The cracks
observed in these beams were flexural cracks in addition to shear cracks. The flexural cracks
propagated vertically upwards and were observed in the areas closer to the supports. In the
impact area, on the other hand, the cracks were predominantly shear cracks with the shear plug
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developing at the impact zone. Shear plug failure was observed in these beams with cracks
originating from the impact zone and propagating at 45 degrees angle. Moreover, all beams
showed shear cracks regardless of the reinforcement ratio and compressive strength of concrete.
It was also observed, however, that as the reinforcement ratio and compressive strength of
concrete increased, the number of shear cracks in the beams decreased.
4.5.2

Midspan deflection

The midspan deflection was measured for all the beams under impact loads. For the Beams A1
and B1, the midspan deflection was not recorded since the beams completely failed and were
split into two parts. For the remaining over-reinforced beams, all beams started deflecting from
zero to reach a maximum midspan deflection after about 25 milliseconds. The beams then
rebounded and returned to their initial state within 60 milliseconds with a parabolic trace of the
midspan deflection-time curve. Moreover, beams with higher reinforcement ratios and concrete
compressive strengths experienced lower maximum midspan deflections.
4.5.3

Dynamic strain in GFRP bars

The dynamic strains in the GFRP bars were measured using strain gauges attached to the bars
at the midspan. The dynamic strains in the GFRP bars started from zero and increased with a
high strain rate at the beginning where the response of the beam was still elastic. After cracks
started to develop (approximately at 3 milliseconds), the rate of the development of the dynamic
strain was decreased. The dynamic strain kept increasing with some fluctuations until reaching
the maximum dynamic strain when the maximum midspan deflection was reached. The
dynamic strain then dropped after the beam rebounded to its initial position. Moreover, the
dynamic strains were not measured in Beams A1 and B1 due to the rupture of the GFRP bars.
4.5.4

Impact and reaction forces

The forces during an impact are the impact force, reaction forces, and inertia forces. The impact
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force equals the sum of the inertia forces and reaction forces. All beams showed a similar shape
for these forces. The impact force was generated upon the contact between the drop hammer
and the GFRP-RC beam. This impact force was demonstrated by a high magnitude impulse
(approximately 200 kN [45 kips]) over a short duration of time (10 milliseconds) representing
the contact between the drop hammer and the beam. The recorded inertia force was similar to
the impact force for this duration. The reaction forces recorded were zero due to the delay in
the travel of the stress wave from the impact point to the supports. The total reaction forces of
both supports (reaction force hereafter) then started resisting the impact force until the end of
the impact (approximately 60 milliseconds). Also, after almost 15 milliseconds from the start
of the impact, the reaction force matched the impact force (at around 30 kN [6.75 kips]) while
the inertia force was negligible.
4.5.5

Bond-slip

Table 4.2 presents the results of the bond-slip tests carried out in this study. The averages of
the maximum shear bond stresses for the GFRP bars with diameters 9.53 mm (0.375 inch) and
12.7 mm (0.5 inch) were 38.45 MPa (5.6 ksi) and 31.3 MPa (4.5 ksi), respectively. Moreover,
the averages of the slip at maximum stresses for the GFRP bars with diameters 9.53 mm (0.375
inch) and 12.7 mm (0.5 inch) were 0.14 mm (0.0055 inch) and 0.11 mm (0.0043 inch),
respectively. Furthermore, the averages of the exponential decays for the GFRP bars with
diameters 9.53 mm (0.375 inch) and 12.7 mm (0.5 inch) were 0.11 and 0.15, respectively. These
values were used in the numerical bond-slip model of the GFRP bars with concrete in this study.
However, due to the unavailability of the GFRP bars with diameter 6.35 mm (0.25 inch) during
the testing of the bond-slip, the values were taken to be the same as those of the GFRP bar with
a diameter of 9.53 mm (0.375 inch). It was reported in the literature45, 46 that the bond strength
increases with the decrease of the bar diameter. Hence, using the bond properties of the GFRP
bar with a diameter of 9.53 mm (0.375 inch) to model the GFRP bar with a diameter of 6.35
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mm (0.25 inch) was considered conservative.

Table 4.2: Bond-slip results of the tested GFRP bars
Sample tested
1
2
3
4
Bar diameter (mm)
9.53
12.7
Maximum bond stress (MPa) 39.87 37.02 29.02 33.57
Slip at maximum stress (mm) 0.18 0.10 0.11 0.11
Exponential decay
0.12 0.10 0.14 0.16
Average bond stress (MPa)
38.45
31.3
Average slip (mm)
0.14
0.11
Average exponential decay
0.11
0.15
Note: 1 mm = 0.0394 inch, 1 MPa = 145 psi

4.6

Comparisons of the finite element model and experimental results

The FE model was validated against the experimental results. The validation was carried out in
terms of the failure modes, midspan deflection, strain in GFRP bar, and impact forces. The
numerical results seem to be in good agreement with the experimental results. A brief
description of the results is presented below.
4.6.1

Failure modes

The FE models created with LS-DYNA show the ability to capture the experimental behaviour
of the GFRP-RC beams under impact loads. In terms of the general failure mode, beams that
were under-reinforced and balanced (Beams B1 and A1) failed due to GFRP bar rupture, as
predicted. Fig 4.5 presents the failure of Beam A1 (only Beam A1 was chosen for presentation
purposes since Beam B1 had a similar failure mode). It is evident from Fig 4.5 that Beam A1
failed due to the rupture of the GFRP bars. The concrete spalling at the midspan was captured
by the high-speed video camera and by the FE model as well. The cracks were predominantly
flexural cracks originating from the tension side of the beam and propagating vertically
upwards. The FE model was able to capture those cracks in addition to the GFRP bar rupture,
which caused the failure of the beam.
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Fig 4.5. Failure mode of balanced GFRP-RC beam (Beam A1)

Moreover, the four over-reinforced beams failed due to concrete crushing. Concrete crushing
was observed along with shear cracks originating from the impact zone and propagating at 45°.
Fig 4.6 shows the damage profile of Beam A2 (only Beam A2 was chosen for presentation
purposes since the damage profile of Beam A2 is similar to Beams A3, B2, and B3). The cracks
in the beam were flexural cracks that developed away from the impact area and shear cracks
concentrated in the vicinity of the impact area. However, the shear cracks were larger and more
dominant. The local damage at the impact area was also captured by the FE model.

Fig 4.6. Damage profile of over-reinforced GFRP-RC beam (Beam A2)
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4.6.2

Midspan deflection

The midspan deflection in the experiment was analysed and the midspan deflection-time curves
were plotted. These curves were compared against the results of the FE model. For the underreinforced and balanced beams, the midspan deflection was not captured due to the rupture of
the GFRP bars, which split the beam into two parts. Therefore, only the results of the overreinforced beams were compared in this section. All four over-reinforced beams followed a
parabolic midspan deflection-time curve. The deflections of the GFRP-RC beams started when
the drop hammer impacted the beams. The beams accelerated at the midspan vertically
downwards until reaching the maximum midspan deflection. The velocity measured at the
maximum midspan deflection was zero. The beams then rebounded and came back to the initial
position within a timeframe of 60 milliseconds. The midspan deflection-time curves of Beams
A2, A3, B2, and B3 were presented in Fig 4.7. The experimental and numerical results seem to
be in good agreement with each other. The parabolic shape at the midspan deflection was
captured by the FE model. The response time (time from beginning of impact until the beams
rebounded) of the GFRP-RC beams was also captured by the FE model. Moreover, the values
of the maximum midspan deflections were in very good agreement. A comparison of the
maximum midspan deflection values is presented in Table 4.3. It was observed from Table 4.3
that the midspan deflection results of the numerical analysis match very well with the
experimental results. It was observed as well that all the numerical results of the midspan
deflection were higher than the experimental midspan deflection results. The ratio of the
numerical-to-experimental midspan deflections was presented in Table 4.3. The numerical
analysis over-predicts the midspan deflection of the GFRP-RC beams by an average of 3%.
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Table 4.3: Numerical versus experimental results of GFRP-RC beams
Numerical
Experimental
Numerical/Experimental
Beam name

∆𝑢𝑢

𝐽𝐽𝐼𝐼

𝐽𝐽𝑅𝑅

∆𝑢𝑢

𝐽𝐽𝑅𝑅

(mm)
A2

59.1

0.99

964

911

57.5

0.96

901

799

1.03 1.03 1.07 1.14

A3

53.3

0.74

952

898

52.3

0.73

914

872

1.02 1.01 1.04 1.03

B2

52.8

0.96

901

865

51.6

0.96

847

833

1.02

B3

46.8

0.71

976

927

43.8

0.68

931

874

1.07 1.04 1.05 1.06

(N.sec) (N.sec) (mm)

𝜀𝜀𝑓𝑓

𝐽𝐽𝐼𝐼

𝜀𝜀𝑓𝑓

(N.sec) (N.sec)

∆𝑢𝑢

𝜀𝜀𝑓𝑓

1

𝐽𝐽𝐼𝐼

𝐽𝐽𝑅𝑅

1.06 1.04

*∆𝑢𝑢 : maximum midspan deflection, 𝜀𝜀𝑓𝑓 : dynamic strain in the GFRP bars, 𝐽𝐽𝐼𝐼 : area under the impact
force, 𝐽𝐽𝑅𝑅 : area under the reaction force. Note: 1 mm = 0.0394 inch, 1 N = 0.225 lb

109

4.6.3

Dynamic strain in GFRP bar

The experimental dynamic strain in the GFRP bar was measured by strain gauges placed on the
midspan of the GFRP bar. The experimental and numerical results of the dynamic strain were
presented in Fig 4.8 (only Beam A3 was chosen for presentation purposes, since all four overreinforced beams had a similar shape of the dynamic strain-time curves). The experimental
dynamic strain of the under-reinforced and balanced beams was not available due to the failure
of the GFRP bars. The dynamic strains in the GFRP bar started at zero and increased with a
high strain rate. The strain rate decreased once the cracking of concrete started. The dynamic
strain kept increasing with some fluctuations until reaching the maximum dynamic strain when
the maximum midspan deflection was reached. The dynamic strain then dropped again after the
beam returned to its initial position. The overall shapes and values of the numerical dynamic
strains match that of the experiment very well. The initial increase at a high rate, the decrease
after cracking of concrete, the fluctuation, and reaching a maximum value when the maximum
midspan deflection is reached were all captured by the FE model. Table 4.3 also presents the
numerical and experimental values of the maximum dynamic strain. The values of the dynamic

Numerical
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strain using the numerical analysis were 2% higher than the experimental values.
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0
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Fig 4.7. Midspan deflection-time curves:(a) Beam A2 (b) Beam A3 (c) Beam B2 (d) Beam
B3
Strain in GFRP bar
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Fig 4.8. Dynamic strain-time curve at the midspan of GFRP bar (Beam A3)

4.6.4

Impact and reaction forces

The numerical and experimental forces compared in this section are the impact force and the
reaction force. All beams showed a similar shape for both forces. The impact force is attributed
initially with a high magnitude impulse over a short duration of time. This impact force then
drops back to zero before having a second peak and then fluctuates until going back to zero at
the end of the response. The reaction force lags behind the impact force. Fig 4.9 shows the
experimental and numerical response of Beam A2 in terms of the impact force and reaction of
supports (only Beam A2 was chosen for presentation purposes since all the over-reinforced
beams have similar impact force and reaction force shapes). The results seem to be in very good
agreement in terms of the overall shape, duration, and mean values of the impact and reaction
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forces. Moreover, Table 4.3 presents the numerical and experimental values of the areas under
the impact force curve and the reaction force curve. The impulse of these forces was calculated
by integrating the area under the force-time curves. It was shown that the FE model over-

200

Reaction Force (kN)

Impact Force (kN)

predicts the values of the impact force and reaction force by 6% and 7%, respectively.
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Fig 4.9. Numerical and experimental forces (Beam B2): (a) Impact (b) Reaction

4.7

Parametric study

A parametric study was carried out to investigate the effect of the reinforcement ratio,
compressive strength of concrete, drop height, drop mass, and impact energy. The beams were
200 mm (7.87 inch) in width, 300 mm (11.81 inch) in height, and 2400 mm (7.87 ft) in length
with 2000 mm (6.56 ft) clear span. Moreover, the modulus of elasticity of the GFRP bars was
50 GPa (7251 ksi) and the ultimate strength was 1200 MPa (174 ksi). The bond-slip model was
taken into account with a maximum slip of 0.15 mm (0.006 inch), bond shear modulus of 111
MPa/mm (41 ksi/inch), and exponential decay of 0.12. The findings of this study are important
for developing guidelines for the design of GFRP-RC beams under impact loads. The
development of design guidelines and the development of an analytical model is considered
beyond the scope of this paper.
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4.7.1

Influence of the longitudinal reinforcement ratio

To investigate the effect of the longitudinal reinforcement ratio, six GFRP-RC beams were
modelled under low-velocity impact loads. The reinforcement ratios of the six beams were
0.5%, 1%, 1.5%, 2%, 2.5%, and 3%. All six beams in this study had shear reinforcement
comprised of 8 mm (0.31 inch) diameter bars spaced at 100 mm (3.94 inch) centre-to-centre
ensuring flexure-critical design failure. The compressive strength of concrete for the beams was
40 MPa (5.8 ksi). The beams were subjected to a drop load of 400 kg (882 lbs) impacting the
beam at 5 m/s (16.4 ft/s [drop height of 1.3 m (11.8 inch)]). The impact energy was calculated
as 5000 J.
The results show that, as the reinforcement ratio of the GFRP-RC beams increased, the
maximum midspan deflection and the maximum dynamic strain in the GFRP bars at the
midspan decreased, whereas the reaction force increased. Fig 4.10 presents the maximum
midspan deflection, maximum dynamic strain in GFRP bars at midspan, and maximum reaction
force as a function of the reinforcement ratio. The maximum midspan deflection decreased from
40.52 mm (1.6 inch) to 20.17 mm (0.79 inch) upon increasing the reinforcement ratio from
0.5% to 3% (Fig 4.10(a)). This 50% decrease in the maximum midspan deflection was also
associated with a 50% decrease in the time to reach the maximum midspan deflection (from 19
ms to 9.8 ms). Moreover, the maximum dynamic strain in the GFRP bars at the midspan
significantly reduced from 0.016 to 0.0053 upon increasing the reinforcement ratio from 0.5%
to 3% (Fig 4.10(b)). As observed from Fig 4.10(c), the impact force was not affected by the
increase in the reinforcement ratio, whereas the reaction force increased. This is due to the
impact force being influenced by the drop mass, drop height, and contact surfaces, whereas the
reaction force depended on the energy absorbed by the beam and the inertia forces. The
resistance of the beam increased with an increase in the longitudinal reinforcement ratio.
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Fig 4.10. Influence of reinforcement ratio on: (a) maximum midspan deflection (b)
maximum dynamic strain (c) maximum reaction force (impact velocity = 5 m/s)

4.7.2

Influence of the compressive strength of concrete

To investigate the effect of the compressive strength of concrete, five GFRP-RC beams were
modelled under low-velocity impact load. The compressive strengths of concrete were 30 MPa
(4.35 ksi), 40 MPa (5.8 ksi), 50 MPa (7.25 ksi), 60 MPa (8.7 ksi), and 70 MPa (10.5 ksi). The
impact mass was 400 kg (882 lbs) and the drop velocity was 5 m/s (16.4 ft/s [5000 J impact
energy]). The beams in this study and all the studies that follow had a longitudinal
reinforcement ratio of 1% and 8 mm (0.31 inch) shear reinforcement spaced at 100 mm (3.94
inch) centre-to-centre.
The results showed that, as the compressive strength of concrete increased, the maximum
midspan deflection decreased. The maximum midspan deflection decreased by 10 % upon
increasing the compressive strength of concrete from 30 MPa to 70 MPa (4.35 ksi to 10.5 ksi).
The compressive strength of concrete had a minor influence on the maximum dynamic strain
at the midspan of the GFRP bars. Moreover, the impact and reaction forces increased with an
increase in the compressive strength of concrete. A 57 % increase in the reaction force was
observed when the compressive strength of concrete increased from 30 MPa to 70 MPa (4.35
ksi to 10.5 ksi). This means that the resistance of the beam increases with an increase in the
compressive strength of concrete.
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4.7.3

Influence of the drop mass

To investigate the effect of the drop mass on the response of GFRP-RC beams under lowvelocity impact loads, five different drop masses were investigated. The masses were 200 kg
(441 lbs), 300 kg (661 lbs), 400 kg (882 lbs), 500 kg (1102 lbs), and 600 kg (1323 lbs). All the
impact velocities were fixed to 5m/s (16.4 ft/s). The compressive strength of concrete in this
study and the studies that follow was 40 MPa (5.8 ksi).
It was observed that the drop mass significantly influenced the crack profile of the GFRP-RC
beams. When the drop mass was 200 kg (441 lbs), only flexural cracks were observed
propagating vertically upwards from the bottom of the beam. As the mass increased, more shear
cracks were observed propagating at an angle of 45°. At a mass higher than 600 kg (1323 lbs),
shear cracks appear to dominate the failure of the beams. Moreover, maximum midspan
deflection and the maximum dynamic strain in the GFRP bars increased by 127 % and 89 %,
respectively when the drop mass increased from 200 kg (441 lbs) to 600 kg (1323 lbs). The
drop mass had a relatively lower influence on the impact and reaction forces. The impact and
reaction forces increased by 15% when the drop mass increased from 200 kg (441 lbs) to 600
kg (1323 lbs).
4.7.4

Influence of the drop velocity

To investigate the effect of the drop mass on the response of GFRP-RC beams under lowvelocity impact loads, five different drop velocities were investigated. The impact velocities
were 3 m/s (9.8 ft/s), 4 m/s (13.1 ft/s), 5 m/s (16.4 ft/s), 6 m/s (19.7 ft/s), and 7 m/s (23 ft/s).
The impact mass was 400 kg (882 lbs).
Similar observations to those reported in the above section were observed upon increasing the
impact velocity. The maximum midspan deflection and maximum dynamic strain in the GFRP
bars increased by 162% and 113%, respectively when the drop velocity increased from 3 m/s
to 7 m/s (9.8 ft/s to 23 ft/s). The impact force was significantly influenced by the drop velocity
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where an increase from 3 m/s to 7 m/s (9.8 ft/s to 23 ft/s) led to a 160% increase in the impact
force and a 45 % increase in the reaction force. Also, the crack profile was influenced by the
drop velocity. When the drop velocity was 3 m/s (9.8 ft/s), flexural cracks developed
propagating vertically in the beam. Upon increasing the drop velocity to 7 m/s (23 ft/s), shear
cracks propagating at 45° dominated the beam.
4.7.5

Influence of the impact energy

To investigate the effect of the drop mass and drop velocity on the response of GFRP-RC beams
under low-velocity impact loads, the impact energy of this study was fixed to 5000 J. The drop
masses chosen for this study were 200 kg (441 lbs), 300 kg (661 lbs), 400 kg (882 lbs), 500 kg
(1102 lbs), and 600 kg (1323 lbs). The drop velocities of these masses were 7.07 m/s (23.2 ft/s),
5.77 m/s (18.9 ft/s), 5 m/s (16.4 ft/s), 4.47 m/s (14.7 ft/s), and 4.08 m/s (13.4 ft/s), respectively.
This ensured that all the drop tests had an impact energy of 5000 J. The aim of this study is to
investigate the effect of increasing the mass while decreasing the velocity of the drop hammer
on the response of the GFRP-RC beams.
It was observed that varying the drop mass and drop velocity while keeping the impact energy
fixed has a significant influence on the failure mode of the GFRP-RC beams. Fig 4.11 presents
the damage profiles of two beams impacted with the same impact energy using different drop
masses and velocities. The damage profiles are presented at 5 ms and 20 ms. In Fig 4.11(a),
when the drop velocity was low and the drop mass was high (4.08 m/s [13.4 ft/s] and 600 kg
[1323 lbs]), flexural cracks dominated in the first 5 milliseconds. Shear cracks developed after
the flexural cracks. However, in Fig 4.11(b), when the beam was impacted with high drop
velocity and low drop mass (7.07 m/s [23.2 ft/s] and 200 kg [441 lbs]), shear cracks dominated
throughout the whole response. Also, it was observed that the drop mass influenced the
maximum midspan deflection and the dynamic strain in the GFRP bars, whereas the drop
velocity influenced the impact and reaction forces. The maximum midspan deflection and the
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dynamic strain in the GFRP bars increased by 22 % and 18 %, respectively when the drop mass
increased from 200 kg (441 lbs) to 600 kg (1323 lbs) while keeping the impact energy fixed at
5000 J. Moreover, the impact and reaction forces increased by 42 % and 20 %, respectively
when the drop velocity increased from 4.08 to 7.07 m/s [13.4 to 23.2 ft/s] while keeping the
impact energy fixed at 5000 J.

Fig 4.11. Crack profile of beams impacted with a constant impact energy at 5 ms and 20
ms (a) 4.08 m/s (13.4 ft/s) and 600 kg (1323 lbs) (b) 7.07 m/s (23.2 ft/s) and 200 kg (441
lbs)

4.8

Conclusions

The test results of six GFRP-RC beams were used to calibrate a finite element model to
investigate the behaviour of GFRP-RC beams under low-velocity impact loads. The finite
element model captured the midspan deflections, dynamic strains in the GFRP bars, impact
force, reaction force, crack patterns, and failure modes. After calibrating the finite element
model, a comprehensive parametric study was carried out to investigate the influence of the
longitudinal reinforcement ratio, compressive strength of concrete, drop mass, drop velocity,
and impact energy on the behaviour of GFRP-RC beams under low-velocity impact loads. The
following conclusions were drawn:
1. The maximum midspan deflection and maximum dynamic strain in GFRP bars decreased
significantly with an increase in the longitudinal reinforcement ratio. Moreover, the impact
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force and crack profile were not influenced by variation of the longitudinal reinforcement ratio,
whereas the reaction force increased with an increase in the longitudinal reinforcement ratio.
2. The maximum midspan deflection decreased with an increase in the compressive strength of
concrete. Moreover, the maximum dynamic strain in the GFRP bars was not influenced by the
compressive strength of concrete, whereas the impact and reaction forces increased leading to
a higher resistance of the beam with an increase in the compressive strength of concrete.
3. The drop mass significantly influenced the crack and damage profiles of the beams. More
shear cracks developed when the drop mass increased. At high masses (600 kg [1323 lbs]),
shear cracks appeared to dominate the failure of the beam. Moreover, the maximum midspan
deflection and maximum dynamic strain in the GFRP bars significantly increased when the
drop mass increased.
4. The drop velocity significantly influenced the crack and damage profiles of the beams.
Flexural cracks were observed at low impact velocities (3-4 m/s [9.84-13.1 ft/s]), whereas shear
cracks dominated in higher velocities (6-7 m/s [19.7-23 ft/s]). The maximum midspan
deflection, maximum dynamic strain in the GFRP bars, impact force, and reaction force
significantly increased with an increase in the drop velocity.
5. A combination of low drop velocity and high drop mass (4.08 m/s [13.4 ft/s] and 600 kg
[1323 lbs]) led to flexural cracks at the beginning of the impact followed by shear cracks.
However, a combination of high drop velocity and low drop mass (7.07 m/s [23.2 ft/s] and 200
kg [441 lbs]) led to shear cracks dominating throughout the whole impact duration. Also, it was
observed that the drop mass significantly influenced the maximum midspan deflection and the
maximum dynamic strain in the GFRP bars, whereas the drop velocity significantly influenced
the impact and reaction forces.
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Preamble
Numerical simulations were carried in Chapter Four to investigate the impact response of Glass
Fiber-Reinforced Polymer bar reinforced concrete (GFRP-RC) beams. It was found that the
shear reinforcement may influence the failure modes of the GFRP-RC beams. This chapter
presents the experimental investigations on the overload damage mechanisms of the Glass
Fiber-Reinforced Polymer bar Normal Strength Concrete (GFRP-NSC) beams subjected to
high-intensity low-velocity impact loads. In the literature, the GFRP-NSC beams were
subjected to input impact energies smaller than the quasi-static energy absorption capacities of
the beams. The overload capability of a GFRP-NSC beam was defined as the ability of the beam
to resist input impact energies higher than the quasi-static energy absorption capacity. A
detailed description of the experimental program carried out to investigate the overload damage
mechanisms of the GFRP-NSC beams was presented.
No study has yet investigated the influence of the shear capacity on the behavior of the GFRPNSC beams under high-intensity low-velocity impact loads. A detailed analysis of the influence
of the shear capacities of the beams on the failure modes and crack propagation of the GFRPNSC beams under low-velocity impact loads was presented. Moreover, the residual loadcarrying capacities of the beams were not investigated in the literature. After the beams were
subjected to input impact energies higher than the quasi-static energy absorption capacities, the
beams were tested under three-point bending quasi-static loads to determine the residual loadcarrying capacity of the beams. A damage classification system was presented to assess the
damage of the beams based on their residual load-carrying capacity. Design recommendations
for the GFRP-NSC beams under impact loads were proposed.
Ultra-High-Strength Concrete (UHSC) has superior strength to NSC. No study has yet
investigated the behavior of GFRP-UHSC beams under overloading impact conditions. Chapter
Six presents the behavior of GFRP-UHSC beams under overloading impact conditions.
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Abstract
This paper investigates the overload capabilities and damage mechanisms of Glass Fiber Reinforced
Polymer (GFRP) bar reinforced concrete beams subject to high-intensity low-velocity impact loads.
The overload condition of the beam is defined as the capability of the beam to sustain input impact
energy exceeding its quasi-static energy absorption capacity. Nine GFRP bar reinforced concrete
(GFRP-RC) beams were tested under three levels of increasing input impact energy. The shear
capacities of the beams were varied by using three spacings of the shear reinforcement. The midspan
deflection histories, impact loads, reaction forces, and accelerations of the beams were measured. The
crack patterns and failure modes were recorded and analyzed using a high-speed video camera. It was
found that the beam shear capacity significantly influenced the type of cracks and the development
of cracks under increasing levels of impact energy. Flexural and flexure-shear cracks were observed
in the beams with higher shear capacities whereas shear cracks were observed in the beams with
lower shear capacities. It was also found that higher beam shear capacities led to reduced residual
midspan deflections and higher residual load carrying capacities of the beams. Design
recommendations are provided for GFRP-RC beams subjected to high-intensity low-velocity impact
events.

5.1

Introduction

Reinforced Concrete (RC) structures may be subjected to sudden dynamic loads including impact
loads during the lifetime of the structures. Impact loads are characterized by a high intensity load over
a short period of time (usually milliseconds). With the increase in the terrorist attacks and vehicle
accidents globally, impact loads need to be considered in the design phase of the critical infrastructure
for protecting the critical infrastructure from catastrophic failure [1].
Several studies investigated the impact response of traditional steel bar reinforced concrete (SteelRC) beams [2-12]. Fujikake et al. [2] developed a correlation between the maximum midspan
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deflection of Steel-RC beams and the degree of the flexural damage under impact loads. Fujikake et
al. [13] proposed a model to predict the maximum midspan deflection for Steel-RC beams failing in
flexure under impact loads and evaluated the damage of the beams using the correlation developed in
Fujikake et al. [2]. Yi et al. [14] assessed the likelihood of Steel-RC beams to fail in shear under
impact loads. The influence of the impact velocity on the failure mode and crack profile of Steel-RC
beams was extensively investigated in the literature. Saatci and Vecchio [4] reported that regardless
of the impact velocity, severe diagonal cracks appeared at the impact area of the beam forming shear
plugs. Kishi et al. [15] reported that Steel-RC beams failed in flexure under low-velocity impact loads.
However, the failure mode of steel-RC beams changed from flexure to shear when the impact velocity
increased. Zhao et al. [9] also reported that an increase in the impact velocity led to shear failure of
Steel-RC beam. Moreover, several experimental and numerical studies were carried out to investigate
the influence of the loading rate and the residual resistance of Steel-RC beams [5, 6, 16-18]. The
available studies in the literature focused mainly on the flexural and shear responses of Steel-RC
beams under low-velocity impact loads where low-velocity impact loads are considered to have an
impact velocity up to 10 m/s.
Glass Fiber Reinforced Polymer (GFRP) bars have emerged as suitable replacements to the steel
reinforcing bars in RC structures [19, 20]. GFRP bars have many advantages over steel bars including
higher tensile strength and strength-to-weight ratio. In addition, GFRP bars do not corrode and they
are electromagnetic neutral. The GFRP bar reinforced concrete (GFRP-RC) structures are mostly
desirable in corrosive and marine environments. The bond characteristics of GFRP bars need to be
taken into consideration during design stages. The bond characteristics of GFRP-RC beams have also
been thoroughly investigated in the literature [21-29]. Moreover, since GFRP bars do not yield, a
different design approach needs to be considered for the design of GFRP-RC beams [30-34]. The
flexural behavior of GFRP-RC beams under quasi-static and impact loads was investigated in the
literature. Most studies in the literature focused mainly on the flexural behavior of GFRP-RC beams
127

under quasi-static loads [26, 27, 35-40]. A few recent studies investigated the flexural behavior of
GFRP-RC beams under impact loads [41]. Goldston et al. [41] tested GFRP-RC beams under impact
loads with an input impact energy equal to the quasi-static energy absorption capacity. However, no
studies in the literature investigated the behavior of GFRP-RC beams under an input impact energy
higher than the quasi-static energy absorption capacity of that beam.
This paper investigates experimentally the overload damage mechanisms of GFRP-RC beams under
high-intensity low-velocity impact loads. In total, nine GFRP-RC beams were tested under impact
loads using the high-capacity impact testing facility at the University of Wollongong. Significant
influences of the shear reinforcement and impact velocity on the dynamic shear behavior of the
GFRP-RC beams were observed. The results of this study will help in understanding the shear
behavior of GFRP-RC beams under high-intensity low-velocity impact loads including failure modes,
midspan deflections, and dynamic forces.

5.2
5.2.1

Experimental program
Details of the tested beams

The experimental program comprised nine GFRP-RC beams tested under low-velocity impact loads.
In addition, one GFRP-RC control beam was tested under quasi-static loads. As shown in Fig 5.1, all
the beams were 200 mm in width, 300 mm in height, and 2400 mm in length. The clear concrete
cover on the top, bottom, and sides was 25 mm. The GFRP-RC beams were longitudinally reinforced
with 16 mm diameter GFRP bars. Two bars were placed at the tension side and two bars were placed
at the compression side. Fig 5.1 shows the reinforcement details and the dimensions of the tested
beams. All beams were designed as over-reinforced beams according to ACI [30] and CSA [32]. The
GFRP shear reinforcement was calculated according to ACI [30] and CSA [32]. The GFRP stirrups
had a diameter of 12 mm. In this study, according to CSA [32], the maximum spacing of transverse
reinforcement shall not exceed 0.6𝑑𝑑𝑣𝑣 or 400 mm, where 𝑑𝑑𝑣𝑣 is the effective shear depth. According to
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ACI [30], the maximum spacing of transverse reinforcement shall not exceed the smaller of

𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒
� or
2

600 mm, where 𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒 is the effective depth of the beam. Therefore, the maximum spacing of transverse

reinforcement was chosen as 150 mm. In order to study the influence of the shear capacities on the
damage mechanisms, the center-to-center spacing of the stirrups varied for the three different groups
of tested beams. The stirrup spacing of 150 mm, 100 mm, and 75 mm were used in the tested beams
which corresponded to the spacing of 𝐷𝐷�2, 𝐷𝐷�3 and 𝐷𝐷�4, where D is the beam depth. The details of the
GFRP-RC beams were been reported in Table 5.1. Moreover, six accelerometers were mounted to
the side of the GFRP-RC beams to capture the accelerations across the beams during impact.

Fig 5.1. Details of the tested GFRP-RC beams
Table 5.1: Details of the tested beams
Beam
Beam name
Group
C
1

2

3

Control
beam
75-5.5
100-5.5
150-5.5
75-6.5
100-6.5
150-6.5
75-7.5
100-7.5
150-7.5

Dimensions
of beam
(mm)

Compressive
strength of
concrete
(MPa)

Longitudinal
reinforcement
(mm)

Transverse reinforcement
Bar
Spacing
diameter
(mm)
(mm)
100

Two 16 mm
bars (Tension)

200 (Width)
300 (Depth)

59.3

2400 (Length)
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Two 16 mm
bars
(Compression)

12

75
100
150
75
100
150
75
100
150

5.2.2

Material properties

To determine the compressive strengths of concrete, nine concrete cylinders were tested on 28
days of concrete casting, on the first day of testing (day 78), and the last day of testing (day
138). The MATEST Servo-Plus Evolution machine was used to test the concrete cylinders. For
the nine tested beams and the control beam, the target compressive strength of concrete was 50
MPa. The average compressive strength of concrete at 28 days was 52.5 MPa. The average
compressive strength of concrete between the first day of testing and last day of testing was
59.3 MPa. To determine the ultimate strength and modulus of elasticity of the GFRP bars used,
tensile tests were carried out on five GFRP bar specimens of diameter 16 mm. An INSTRON
tensile machine was used for the tensile testing of the GFRP bars. Strain gauges were attached
to the GFRP bars to measure the strains during the tests. The average ultimate strength of the
GFRP bars was 957 MPa and the average modulus of elasticity of the GFRP bars was 47.1 GPa.
5.2.3

Experimental program

One GFRP-RC beam was tested under a quasi-static three-point bending load as a control beam.
A pin support and a roller support were at a distance of 200 mm from the beam ends.
Monotonically increasing loads were applied at the midspan of the control beam at a rate of 1
mm/min. The applied load was recorded using a load cell. The midspan deflection of the control
beam was recorded using a laser displacement transducer ACUITY AR550-250. Fifty
millimeter square grids were marked across the beam to track the development and position of
cracks on the beams. The energy absorption capacity of the control beam was calculated as the
area under the load-midspan deflection curve [42, 43]. The three impact velocities were then
chosen based on the energy absorption capacity of the control beam to deliver the impact energy
as a multiple of the quasi-static energy absorption capacity of the control beam. A detailed
explanation of the choice of impact velocities is presented in the following sections.
Nine GFRP-RC beams were tested under low-velocity impact loads using the high-capacity
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impact testing facility at the University of Wollongong. The mass of the drop hammer was 600
kg. The impact load and dynamic beam reactions were measured using high-capacity load cells
attached to the impact hammer and supports, respectively. The flat round impactor plate with a
diameter of 300 mm was attached to the drop hammer load cell. Fig 5.2 presents the beam setup
in the impact testing facility. Rebound frames were used at the beam ends to prevent the uplift
of the beams during the impact. A 5 mm rubber pad was placed on top of the beam at the impact
zone to protect it from crushing by the impactor. A MEMRECAM HX-7 high-speed video
camera was used to record the impact and the propagation of cracks at 5000 frames/sec. Six
accelerometers were mounted to each beam along the length to measure the accelerations and
derive the dynamic shear forces.

Fig 5.2. Impact loads test
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To investigate the effects of shear capacity on the impact behavior of the GFRP-RC beams, the
nine beams were divided into three groups according to the shear reinforcement spacing. Each
group included one beam with the maximum spacing of stirrups of 150 mm or 𝐷𝐷�2, according

to CSA design provisions for shear design [32]. Other common spacing of 𝐷𝐷�4 (75 mm) and

𝐷𝐷� (100 mm) were also used for designing the beams. The beams in each group were subjected
3

to the same impact velocity that was selected based on the quasi-static energy absorption
capacity of the control beam. The beams were referred to as a series of numbers indicating the
spacing of shear reinforcement and the corresponding impact velocity. For example, Beam 1506.5 represents a GFRP-RC beam with a spacing of stirrups of 150 mm and tested under an
impact load with a velocity of 6.5 m/s. All experimental data were recorded at a sampling rate
of 100 kHz. The test set-up ensured that each group of beams had three different shear
reinforcement spacing and was subjected to the same impact velocity.

5.3
5.3.1

Experimental results and discussion
Quasi-static loading

The quasi-static load testing was carried out by loading the control beam until failure at a rate
of 1 mm/min. The load-midspan deflection behavior was nearly bilinear until failure (Fig 5.3).
Afterwards, there were fluctuations in the peak loads as the beam continued deflecting. The
first part of the bilinear behavior represents the stiffness of the uncracked response of the beam.
At a load of 22 kN, concrete under tension cracked and the stiffness of the beam dropped. The
second part of the behavior represents the post-cracking behavior. The load increased until the
first peak of 170 kN. The deflection corresponding to the first peak load was 45.4 mm. At the
first peak load, the cracks in the beam were flexural cracks, starting from the tension side and
propagating vertically upwards. Also, the cracks in the concrete cover in the compression zone
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were visible. After the first peak load, the load dropped to 148 kN. The load then increased until
it reached the second peak at 178 kN. The deflection corresponding to the second peak load
was 59.3 mm. At the second peak load, concrete in compression crushed and the load dropped
to 164 kN. The load increased again until it reached the third peak at an ultimate load of 180
kN. The deflection corresponding to the ultimate load was 65.8 mm. At the ultimate load, the
GFRP bars in tension ruptured and the beam collapsed. The control beam failed in flexure and
the cracks observed were predominantly flexural cracks. The quasi-static energy absorption
capacity “EAC” of the control beam was calculated as the area under the load-midspan
deflection curve in Fig 5.3. A similar approach was adopted in the studies relating the quasistatic energy absorption capacity of the beam to the input impact energy [41, 44]. The energy
absorption capacity was equal to 8684 Joules. Using this energy absorption capacity, the three
impact velocities applied on the three groups of beams were chosen as 5.5 m/s, 6.5 m/s, and 7.5
m/s.
Cracking of concrete
cover in compression

200

Load (kN)

150
Crushing of concrete
cover

100
Failure of GFRP bars in tension

50
0
0

20

40
60
Midspan deflection (mm)

80

Fig 5.3. Load-midspan deflection behavior of the control beam

Nine beams were tested under impact loads. After the impact loads test, the beams were tested
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under quasi-static three-point bending to measure their residual capacities. The residual loadcarrying capacities (residual capacities hereafter) of the beams were considered to be the
ultimate load-carrying capacities of the damaged beams recorded under the quasi-static threepoint bending. These residual capacities were then compared to the ultimate load-carrying
capacity of the control beam (180 kN). Based on the observed behavior of the tested beams,
when the residual capacity of the beam was over 90% (meaning the residual load-carrying
capacity was over 162 kN), the damage was considered to be minor. If the residual capacity of
the beam was between 80% and 90% (residual load-carrying capacity between 144 kN and 162
kN), the damage was considered to be medium. If the residual capacity of the beam was lower
than 80%, the damage was considered to be severe.
5.3.2

Impact loading

The impact energy was calculated from the evaluation of the kinetic energy (impact energy =
1
2

𝑚𝑚𝑣𝑣 2 ), where m = 600 kg is the mass of the impactor and v is the impact velocity. Impact

velocities for Groups 1-3 were estimated from the energy balance between the impactor kinetic
energy and multiples (1.0, 1.5, and 2.0) of the quasi-static energy absorption capacity of the
control beam. Therefore, the three impact velocities chosen were 5.5 m/s, 6.5 m/s, and 7.5 m/s.
Impact tests were carried out to determine the failure modes, crack propagation, midspan
deflections, residual midspan deflections, and dynamic forces of the GFRP-RC beams tested
under impact loads.
5.3.2.1 Effect of inertia on beams under impact loads
The impact load is generated when the drop hammer impacts the beam [4]. This impact load is
resisted by the stiffness of the beam while the beam accelerates downwards. The inertia load is
produced by the beam acceleration. The magnitude of this inertia load is discussed in the
sections below. The inertia load acts in the opposite direction to the acceleration of the beam.
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Therefore, since the beam accelerates downward, the inertia load acts upwards along the span
of the beam. The dynamic bending moments and shear forces are different in shape and
magnitude from the quasi-static bending moments and shear forces. At the initial stage of the
impact loading, the inertia load had a significant influence on the response of the beam. This
was explained in details in the “dynamic equilibrium of applied forces” section.
5.3.2.2 Analysis of damage mechanisms
Group 1 beams
Analysis of damage mechanisms of the tested beams was performed by conducting a frame-byframe analysis of the high-speed video recordings for each beam. Fig 5.4 presents the damage
progression of the beams belonging to Group 1 at the three time instances. The first row presents
the effect of beam inertia resistance (at t = 1 ms). The second row presents the beam damage at
the maximum midspan deflection (at t = 22 – 23 ms). The third row presents the post-impact
damage of the beams. The first column presents the damage of progression of Beam 150-5.5.
The other two columns present the beams with higher shear capacities (Beam 100-5.5 and Beam
75-5.5).
The first impact loads test was carried out for Beam 150-5.5 (spacing of stirrups of 𝐷𝐷�2, impact

velocity of 5.5 m/s). During the first millisecond of impact loading, two inclined shear cracks

(cracks 1 and 2) originating from the impact zone appeared along with flexural cracks (crack
3) (Fig 5.4). The shear cracks propagated at 45 degrees. As the beam continued deflecting, the
shear cracks (cracks 1, 2, and 8) widened and additional flexural cracks appeared (cracks 4-7).
At t = 23 ms, Beam 150-5.5 reached its maximum midspan deflection. The shear cracks
dominated the damage response of Beam 150-5.5 and were wider than the flexural cracks. In
addition to that, local damage of concrete was observed at the impact zone. As the beam
rebounded to its initial position, the impactor bounced a few times on the beam before resting
on it. The bouncing of the impactor caused additional local damage at the impact zone.
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However, the reinforcement was not exposed. The maximum midspan deflection of Beam 1505.5 was 61.4 mm and the residual deflection was 10 mm (Table 5.2). The residual deflection
of Beam 150-5.5 was 16% of the maximum midspan deflection. Three-point quasi-static loads
test was carried out after the impact on Beam 150-5.5 to determine the residual capacity of the
beam. It was found that the residual capacity of Beam 150-5.5 was 153 kN, which was 85% of
the load-carrying capacity of the control beam. This meant that the damage of Beam 150-5.5
could be considered as medium.
Table 5.2: Midspan deflection details of the tested beams
Time at
Maximum
maximum
midspan
Impact
Beam
Beam
midspan
deflection
velocity
Group
name
deflection
(sec)
(mm)
(m/s)
(∆𝑚𝑚𝑚𝑚𝑚𝑚 )
�𝑡𝑡∆𝑚𝑚𝑚𝑚𝑚𝑚 �
75-5.5
59.2
0.022
1
100-5.5
5.5
60.9
0.023
150-5.5
61.4
0.023
75-6.5
72.3
0.025
2
100-6.5
6.5
73.1
0.025
150-6.5
85.8
0.026
75-7.5
90.6
0.026
3
100-7.5
7.5
92.4
0.026
150-7.5
N/A
N/A

Time at
final
position
(sec)
�𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 �
0.048
0.048
0.048
0.05
0.051
0.057
0.058
0.058
N/A

Residual
midspan
deflection
(mm)
(∆𝑟𝑟𝑟𝑟𝑟𝑟 )
4
6
10
14
16
17
19
22
N/A

*Note: ∆𝑚𝑚𝑚𝑚𝑚𝑚 : maximum midspan deflection, 𝑡𝑡∆𝑚𝑚𝑚𝑚𝑚𝑚 : time at maximum midspan deflection, 𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 : time

when the beam returned to its initial position, ∆𝑟𝑟𝑟𝑟𝑟𝑟 : residual midspan deflection

Next, impact loading test was carried out for Beam 100-5.5 (spacing of stirrups of 𝐷𝐷�3). During
the first millisecond of impact loading, a flexural crack (crack 1) at the midspan of the beam

was observed as the beam started deflecting (Fig 5.4). As Beam 100-5.5 continued deflecting,
additional flexural cracks (cracks 2-4, 8), flexure-shear cracks (cracks 5 and 6), and shear cracks
(crack 7) were observed. This behavior showed a transition in the damage mechanism from
shear-plug under the impact point to flexure-shear upon increasing the shear capacity of the
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beam. Also, it was observed that the shear cracks appeared after the flexural cracks in Beam
100-5.5. At t = 23 ms, Beam 100-5.5 reached its maximum midspan deflection and the cracks
reached their maximum widths. Local failure of the concrete at the impact zone was clearly
observed. The diagonal shear cracks (i.e., crack 7) were the dominant cracks. The shear cracks
were wider than the flexural cracks. As the beam returned to its initial position, most of the
flexural cracks closed. However, the shear cracks were still visible. The post-impact damage of
Beam 100-5.5 is presented in Fig 5.4. It can be observed that the damage at the impact zone did
not expose the GFRP reinforcement bars. The measured maximum midspan deflection and
residual deflection were 60.9 mm, and 6 mm, respectively. The residual deflection of Beam
100-5.5 was 9% of the maximum midspan deflection. The residual capacity of Beam 100-5.5
was 166 kN, which was 92% of the load-carrying capacity of the control beam. This indicated
that the damage of Beam 100-5.5 could be considered as minor.
The final impact loading test for Group 1 beams was carried out for Beam 75-5.5 with a spacing
of stirrups 75 mm, or 𝐷𝐷�4. As the beam started deflecting, it was observed that during the first

millisecond of impact loading the first flexural cracks appeared (cracks 1 and 2) (Fig 5.4). As
Beam 75-5.5 continued deflecting, additional flexural (cracks 3, 7, 8, and 9), shear (cracks 5
and 6), and flexure-shear (cracks 4 and 10) cracks started appearing. The inclined shear cracks
originated from the impact zone and propagated at an angle of 45 degrees. It was observed that
the shear cracks appeared after the flexural cracks. The cracks appearing during the first
millisecond of impact were due to the inertia effect of the beam. Beam 75-5.5 reached the
maximum midspan deflection at t = 22 ms where the cracks reached the maximum widths. It
was observed that at t = 22 ms, when the beam was at its maximum midspan deflection, the
shear cracks were not dominant in the damage mechanism. The widths of the flexural cracks
and the shear cracks were similar. The higher shear capacity of Beam 75-5.5, in comparison to
Beam 100-5.5, prevented the development of severe shear cracks. The failure mode of Beam
137

75-5.5 was observed to be dominated by the flexural response. Local damage and post-impact
cracks at the impact zone were observed. However, the GFRP reinforcing bars were not
exposed. The maximum midspan and residual deflections were 59.2 mm and 4 mm,
respectively. The residual deflection was 7% of the maximum midspan deflection. The residual
capacity of Beam 75-5.5 was 175 kN, which was 97% of the load-carrying capacity of the
control beam. This could be considered as minor damage of Beam 75-5.5.
It was observed for Group 1 beams that the width of cracks was influenced by their shear
capacities. An increase in the shear capacity led to a decrease in the width of cracks. Moreover,
diagonal shear cracks of shear-plug type were observed for beams with a larger spacing of
stirrups and a lower shear capacity (Beam 150-5.5), whereas flexural cracks were observed for
beams with a higher shear capacity (Beam 75-5.5). This also shows that during the beam inertia
resistance stage, the shear capacity significantly influences the damage mechanism in a beam.
Flexural damage mechanisms started developing during the initial inertia stage of impact
loading in Beam 75-5.5, whereas shear-plug damage mechanisms started developing within the
duration of inertia load in Beam 150-5.5. In addition to that, the beam shear capacity
significantly affected the residual load-carrying capacities of the beams. Beams with a higher
shear capacity demonstrated a higher post-impact load-carrying capacity.
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Fig 5.4. Damage progression of Group 1 beams under impact loads
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Beam 75-5.5

Group 2 beams
The impact velocity was increased for Group 2 beams to 6.5 m/s. This impact velocity
transferred 13026 Joules of impact energy into Group 2 beams which is 50% higher than the
impact energy used for Group 1 beams. The beam 150-6.5 (spacing of stirrups of 𝐷𝐷�2) was
tested first in this group. During the inertia loading stage, shear crack (crack 3) and flexural
cracks (cracks 1 and 2) appeared in the beam (Fig 5.5). The shear crack was more dominant
than the flexural cracks. As Beam 150-6.5 continued deflecting, some of the flexural cracks
became flexure-shear cracks (crack 2). Moreover, additional shear cracks were formed (crack
5). Some of the initial flexural cracks (crack 1) did not increase significantly in width due to
the presence of a dominant adjacent flexure-shear crack (crack 2). At t = 26 ms, Beam 150-6.5
reached its maximum midspan deflection and the cracks reached their maximum widths. The
dominant cracks were the flexure-shear cracks (crack 2) and shear cracks (crack 3). Local
damage was observed and the GFRP stirrups and longitudinal bars were exposed, (Fig 5.5).
The residual deflection was 20% of the maximum midspan deflection. The residual loadcarrying capacity of Beam 150-6.5 was 132 kN, which was 73% of the load-carrying capacity
of the control beam. This indicated that the damage of Beam 150-6.5 could be classified as
severe.
For the second impact loading test in Group 2, Beam 100-6.5 (spacing of stirrups of 𝐷𝐷�3) was

tested. Two flexural cracks (cracks 1 and 2) appeared at the midspan of the beam (Fig 5.5). As
Beam 100-6.5 continued deflecting, additional shear cracks (cracks 6 and 7) and flexure-shear
cracks (cracks 3-5) appeared in the beam. It was observed that the flexure-shear cracks appeared
after the shear cracks in Beam 100-6.5. At t = 25 ms, the beam reached its maximum midspan
deflection and the cracks reached the maximum widths. Therefore, the failure mode for this
beam was considered as flexure-shear. The post-impact damage of Beam 100-6.5 is presented
in Fig 5.5. It can be observed that the damage at the impact zone exposed the GFRP stirrups
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and longitudinal bars at some locations. The residual load-carrying capacity of Beam 100-6.5
was found to be 144 kN, which was 80% of the load-carrying capacity of the control beam.
This indicates that the damage of Beam 100-6.5 could be considered as medium.
For the last test of Group 2 beams, Beam 75-6.5 (spacing of stirrups of 𝐷𝐷�4) was tested. Fig 5.5
presents the flexural cracks (cracks 1 and 2) and shear cracks (crack 3) in Beam 75-6.5 during
the initial inertia response of the beam. As Beam 75-6.5 continued deflecting, additional shear
cracks (crack 5) and flexure-shear cracks (cracks 4 and 6) appeared. It was observed that the
flexure-shear cracks appeared after the shear cracks in Beam 75-6.5. This shows that Beam 756.5 with higher shear capacity than Beams 100-6.5 and 150-6.5 was capable of resisting the
development of shear-plug damage mechanism. At t = 25 ms, the beam reached its maximum
midspan deflection and the cracks reached their maximum widths. The flexural cracks were
more dominant than the shear cracks and had larger widths. The GFRP stirrups and longitudinal
bars were exposed after the impact. The residual capacity of Beam 75-6.5 was measured by
conducting a three-point quasi-static loads test on the beam after impact. The residual loadcarrying capacity of Beam 75-6.5 was 164 kN which is 91% of the load-carrying capacity of
the control beam which could be considered as minor damage.
It was observed for Group 2 beams that an increase in the shear capacity led to the transition of
the damage mechanisms from shear to flexure-shear which was consistent with the observed
damage mechanisms of Group 1 beams. Large shear cracks were observed in beams with lower
shear capacity (Beam 150-6.5), whereas Beam 75-6.5 with higher shear capacity did not
experience severe shear cracking. The post-impact damage of the Beam 150-6.5 (spacing of
stirrups of 𝐷𝐷�2) was severe, whereas the damage of Beams 100-6.5 (stirrup spacing 𝐷𝐷�3) and
75-6.5 (stirrup spacing 𝐷𝐷�4) was medium and minor, respectively.
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0

Fig 5.5. Damage progression of Group 2 beams under impact loads (see Table 5.1)
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Beam 75-6.5

Group 3 beams
The impact energy was doubled for Group 3 beams compared to Group 1 beams which produced an
impact velocity of 7.5 m/s. Similar to Groups 1 and 2, the first test was carried out for a beam with a
spacing of stirrups 𝐷𝐷�2, Beam 150-7.5, followed by Beam 100-7.5 (stirrup spacing 𝐷𝐷�3), and then

Beam 75-7.5 (stirrup spacing 𝐷𝐷�4). During the inertia stage of impact loading for Beam 150-7.5, minor

flexural cracks (crack 1) appeared at the midspan of the beam (Fig 5.6). As Beam 150-7.5 continued
deflecting, some of the flexural cracks transitioned into flexure-shear cracks (crack 3). Moreover,
additional flexural cracks (crack 2) and large shear cracks (cracks 4-7) were formed. Beam 150-7.5
continued deflecting until the GFRP bars ruptured in tension. The beam did not rebound. The image
of Beam 150-7.5 at t = 26 ms is presented although Beam 150-7.5 did not experience a maximum
midspan deflection. The local damage of Beam 150-7.5 exposed the stirrups and the GFRP bars. The
residual capacity of Beam 150-7.5 was assumed as zero due to rupture of the GFRP bars.
Due to technical difficulties, the high-speed video of Beam 100-7.5 was not captured. Upon analyzing
the impact load and midspan deflection data, it was observed that Beam 100-7.5 reached the
maximum midspan deflection after 26 ms of the impact. The value of the maximum midspan
deflection was 90.6 mm. The beam then rebounded to its initial position at t = 58 ms. The concrete
cover was damaged and the GFRP stirrups and longitudinal bars were exposed. The residual
deflection measured in Beam 100-7.5 was 19 mm which was 21% of the maximum midspan
deflection. The residual capacity of Beam 100-7.5 was assumed as zero due to the partial rupture of
the GFRP bars in tension and the high residual deflection.
The final impact loading test was carried out for Beam 75-7.5 (spacing of stirrups of 𝐷𝐷�4). During the

inertia loading phase, a shear crack (crack 1) appeared on Beam 75-7.5 (Fig 5.6). As the beam
continued deflecting, several flexure-shear cracks (cracks 4, 6, and 7), flexural cracks (cracks 2 and

3), and shear cracks (crack 5) appeared in the beam. At t = 26 ms, the beam reached its maximum
midspan deflection. The flexural and shear cracks were not as dominant as the flexure-shear cracks
143

(cracks 4 and 7). This can be attributed to the large shear capacity of Beam 75-7.5 that resisted the
development of the shear-plug mechanism in the beam. Moreover, it was observed that although the
first crack to appear (crack 1) was a shear crack, the width of this crack did not significantly increase
and was minor compared to the flexure-shear cracks. Beam 75-7.5 then rebounded to its initial
position and the impactor bounced on the beam a few times which caused one of the GFRP bars in
tension to fully rupture (Fig 5.6). The residual capacity of Beam 75-7.5 was assumed to zero due to
the rupture of the GFRP bar.
It was observed that all beams belonging to Group 3 experienced catastrophic failure due to GFRP
bar rupture. Beams with lower shear capacities (Beam 150-7.5) failed without the beam rebounding
to its initial position. Beams with higher shear capacities (Beams 100-7.5 and 75-7.5) failed after the
impactor bounced on the beams. Moreover, dominant shear cracks were observed in beams with
lower shear capacity (Beam 150-7.5), whereas Beam 75-7.5 with higher shear capacity experienced
a flexure-shear failure.
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Fig 5.6. Damage progression of Group 3 beams under impact loads (see Table 5.1)

5.3.2.3 Dynamic equilibrium of applied forces
The dynamic forces during the impact were the impact force, reaction force, and inertia force.
According to Saatci and Vecchio [4], the impact force, at a certain instant, equals the sum of the
reaction force and the inertia of the beam. The inertia of the beam is calculated as the integral of the
mass per unit length of the beam multiplied by the acceleration of the beam over its length, as shown
in Eq. 1:
𝐿𝐿

� 𝑚𝑚
� 𝑢𝑢̈ (𝑥𝑥, 𝑡𝑡)𝑑𝑑𝑑𝑑 + 𝑅𝑅(𝑡𝑡) = 𝐼𝐼(𝑡𝑡)

(1)

0

where 𝐿𝐿 is the length of the beam, 𝑚𝑚
� is the mass per unit length of the beam, 𝑢𝑢̈ is the acceleration of
a particular point on the beam, 𝑅𝑅 is the total reaction force, and 𝐼𝐼 is the impact force. In this
experiment, the impact and reaction forces were recorded using load cells, and the accelerations were

recorded using accelerometers attached externally to the beams. The change in the acceleration
between two adjacent accelerometers was assumed linear. The distributions of the accelerometers and
forces are presented in Fig 5.7. Six accelerometers were used, which were spaced at 200 mm on one
half of the beam starting at the midspan and ending at the end of the overhang of the beam. The
accelerations at the supports were assumed to be zero. The capacity of the accelerometers used was
1000g, where g is the gravitational acceleration.
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Fig 5.7. Distribution of the accelerometers along the beam

It was observed that regardless of the amount of shear reinforcement, the duration of the initial
triangular pulse was almost 2 ms. The second pulse started after 5 ms of the impact and fluctuated
until the end of the impact. It was also observed that when the impact velocity increased, the
maximum impact load increased as well. Therefore, the shear reinforcement had no influence on the
impact force for beams belonging to the same group. The reaction force, on the other hand, started
after 5 ms of the impact and fluctuated until the end of the impact. It was observed that the delay
between the impact and reaction forces was around 5 milliseconds. This delay is due to the time it
took for the stress wave to propagate from the impact zone to the supports.

5.4

Analysis of the dynamic shear force

The dynamic shear force distribution of a GFRP-RC beam under impact load is different from the
shear distribution under quasi-static loads. In order to measure the dynamic shear force in the beams,
the data from the accelerometers were analyzed. The dynamic shear force over the duration of the
impact was plotted using the static equilibrium of the dynamic forces (inertia, impact, and reaction)
and Eq. 1. The maximum measured shear forces for every beam are presented in Table 5.3. It was
observed from Table 5.3 that when the experimental shear force was significantly larger than the
shear capacity predicted by ACI [30], the failure mode was shear.
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Table 5.3: Shear capacity of the tested beams
Shear capacity
Peak dynamic
Beam
according to
Beam name
shear force
Failure mode
ACI [30]
Group
(kN)
(kN)
75-5.5
361
374
Flexural failure
1
100-5.5
365
286
Shear failure
150-5.5
371
198
Shear failure
75-6.5
402
374
Flexure-shear failure
2
100-6.5
401
286
Flexure-shear failure
150-6.5
410
198
Shear failure
75-7.5
457
374
Shear failure
3
100-7.5
435
286
Shear failure
150-7.5
N/A
198
Shear failure

An analysis was carried out over the first 10 ms of impact to determine the instant at which the
dynamic shear force peaked. It was found that the maximum dynamic shear force was recorded after
1 ms of the impact (when the impact force peaked) before the shear force decreased to a minimum
after 5 ms (when the reaction force was present). This observation was similar to the findings of Zhao
et al. [9]. It was reported in Zhao et al. [9] that the maximum dynamic shear force was recorded after
1 ms (maximum impact force) of the impact and the minimum dynamic shear force was recorded
after 5 ms of the impact. This can be explained by the impact force reaching its peak after 1 ms of the
impact, where the forces acting during the first millisecond of impact were the impact force and the
inertia force. The reaction forces were not activated during the first millisecond of impact due to the
stress waves not reaching the support. The maximum dynamic shear force was directly correlated
with the maximum impact force. The maximum dynamic shear force increased during the first
millisecond of impact similar to the impact force, then decreased with the impact force. After 5 ms
of the impact, the reaction force was activated and the forces present were the impact force, inertia
force, and reaction force. The dynamic shear force diagram of Beam 75-5.5 over the first 5 ms of
impact is presented in Fig 5.8. It can be observed that the shape of the shear force was gradually
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transitioning from dynamic shear to quasi-static shear over the first 5 ms of impact. This showed that
the shear cracks were generated within the first 5 ms of impact. The failure mode of the beams was
then determined by comparing the shear capacity of the beam calculated as per ACI [30] with the
maximum measured shear force. If the maximum shear force measured in the beam was larger than
the shear capacity, the failure mode was considered to be shear failure. The dynamic shear force
diagrams, for the first millisecond of impact, of the beams tested is presented in Fig 5.9. The dynamic
shear force diagrams after 5 ms of impact are presented in Fig 5.10. It was also observed after
analyzing the shear cracks in the beam that the beams predicted to fail in shear according to ACI [30]
failed in shear.
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Fig 5.8. Dynamic shear force diagram of Beam 75-5.5 over the first 5 ms of the impact
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Fig 5.9. Dynamic shear force distribution at 𝑡𝑡 = 1 𝑚𝑚𝑚𝑚 for: (a) Group 1 beams, (b) Group 2 beams, and (c) Group 3 beams (See Table 5.1)
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Fig 5.10. Dynamic shear force distribution at 𝑡𝑡 = 5 𝑚𝑚𝑚𝑚 for: (a) Group 1 beams, (b) Group 2 beams, and (c) Group 3 beams (See Table 5.1)
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5.5
5.5.1

Design recommendations based on impact testing of GFRP-RC beams
Validation of the damage mechanisms based on the code provisions

According to ACI [30], the design of shear reinforcement for a GFRP-RC beam is similar to
that of a Steel-RC beam. However, the mechanical properties of the GFRP bars affect the shear
strength and should be taken into account. The nominal shear strength at a section (𝑉𝑉𝑛𝑛 ),
presented in Eq. 2, is the sum of the nominal shear strength provided by concrete (𝑉𝑉𝑐𝑐 ) and the

shear resistance provided by the GFRP shear reinforcement �𝑉𝑉𝑓𝑓 �. The shear capacities for the

nine beams calculated by ACI [30] were presented in Table 5.3.
𝑉𝑉𝑛𝑛 = 𝑉𝑉𝑐𝑐 + 𝑉𝑉𝑓𝑓

(2)

The nominal shear strength provided by concrete is calculated by Eq. 3 (SI units)
2
𝑉𝑉𝑐𝑐 = �𝑓𝑓𝑐𝑐′ 𝑏𝑏(𝑘𝑘𝑘𝑘)
5

(3)

where 𝑓𝑓𝑐𝑐′ is the compressive strength of concrete (in MPa), 𝑏𝑏 is the width of the beam (in mm),

𝑘𝑘 is the ratio of depth of neutral axis to reinforcement depth presented in Eq. 4, and 𝑑𝑑 is the
distance from extreme compression fiber to centroid of tensile longitudinal bars (in mm).
2

𝑘𝑘 = �2𝜌𝜌𝑓𝑓 𝑛𝑛𝑓𝑓 + �𝜌𝜌𝑓𝑓 𝑛𝑛𝑓𝑓 � − 𝜌𝜌𝑓𝑓 𝑛𝑛𝑓𝑓

(4)

where 𝜌𝜌𝑓𝑓 is the longitudinal reinforcement ratio and 𝑛𝑛𝑓𝑓 is the modular ratio calculated by Eq. 5
𝑛𝑛𝑓𝑓 =

𝐸𝐸𝑓𝑓
𝐸𝐸𝑐𝑐

(5)

where 𝐸𝐸𝑓𝑓 is the modulus of elasticity of the GFRP bars and 𝐸𝐸𝑐𝑐 is the modulus of elasticity of
concrete (calculated as 5700�𝑓𝑓𝑐𝑐′ for 𝑓𝑓𝑐𝑐′ in psi or 4700�𝑓𝑓𝑐𝑐′ for 𝑓𝑓𝑐𝑐′ in MPa).

The contribution of the GFRP shear reinforcement is calculated by Eq. 6
𝑉𝑉𝑓𝑓 =

𝐴𝐴𝑓𝑓 𝑓𝑓𝑓𝑓 𝑑𝑑
𝑠𝑠

150

(6)

where 𝑓𝑓𝑓𝑓 is the tensile strength of the shear reinforcement (in MPa), 𝑠𝑠 is the center-to-center
spacing of shear stirrups (in mm), and 𝐴𝐴𝑓𝑓 is the area of shear reinforcement in the spacing s (in

mm2).
5.5.2

Recommendations based on experimental observations

The input parameters of this experimental program were the shear reinforcement and the impact
velocity. In this study, a spacing of 𝐷𝐷�2 (150 mm), 𝐷𝐷�3 (100 mm), and 𝐷𝐷�4 (75 mm) were chosen

between the stirrups. The three impact energies used were 8684 Joules, 13026 Joules and 17368
Joules which were multiples of the energy absorption capacity of the control beam.
In terms of the residual deflections of the beams impacted with an impact energy equivalent of
1.0EAC, it was observed that a decrease in the spacing of the shear reinforcement to 𝐷𝐷�3 led to

a 40% decrease in the residual deflection (compared to 𝐷𝐷�2 spacing). Moreover, a decrease in
the spacing of the shear reinforcement to 𝐷𝐷�4 led to a 60% decrease in the residual deflection.

When the impact energy was increased to 1.5EAC, it was observed that a decrease in the spacing
of the shear reinforcement to 𝐷𝐷�3 led to a 6% decrease in the residual deflection. Moreover, a

decrease in the spacing of the shear reinforcement to 𝐷𝐷�4 led to an 18% decrease in the residual

deflection. When the impact energy was increased to 2.0EAC, it was observed that all beams
failed by GFRP bar rupture. This observation suggests that GFRP-RC beams may not be able
to sustain an overload caused by impact energy exceeding 1.5 times the quasi-static energy
absorption capacity without catastrophic collapse.
In terms of the residual capacities of the beams impacted with an impact energy equivalent to
1.0EAC, it was observed that when the spacing of the shear reinforcement decreased to 𝐷𝐷�3, the

residual capacity of the beam was 92%. Moreover, when the spacing of the shear reinforcement
decreased to 𝐷𝐷�4, the residual capacity of the beam was 97%. The residual capacity of the beam

with a stirrup spacing of 𝐷𝐷�2 was 85%. When the impact energy was increased to 1.5EAC
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intensity, it was observed that when the spacing of the shear reinforcement decreased to 𝐷𝐷�3,
the residual capacity of the beam was 80%. Moreover, when the spacing of the shear

reinforcement decreased to 𝐷𝐷�4, the residual capacity of the beam was 91%. The residual

capacity of the beam with a stirrup spacing of 𝐷𝐷�2 was 73%.

Therefore, decreasing the spacing of the shear reinforcement to 𝐷𝐷�3 had a significant influence
on GFRP-RC beams in terms of the residual deflection and residual capacities under impact

energies close to the quasi-static energy absorption capacity. However, when the impact energy
increases up to the level of 2.0EAC, decreasing the spacing of the shear reinforcement to 𝐷𝐷�4

had a more significant influence on the residual deflections and residual capacities of the GFRP-

RC beams. It is noted that more research is required to study the effect of the decreasing the
stirrups spacing in certain locations (in the impact zone only or in the shear span) on the damage
behavior of GFRP-RC beams and the residual capacity of the beams under impact loads.
Fig 5.11 presents the residual capacities of the beams with different shear capacities. The
damage zones were also presented in Fig 5.11. Based on the discussion above, it is
recommended to use shear reinforcement spacing of 𝐷𝐷�3 to transform the shear failure into a

flexure-shear failure for beams under impact energies in the vicinity of their quasi-static energy

absorption capacities. However, under higher impact energies (impact energies close to the
intensity of 2.0E), the beams might still fail in shear. Therefore, it is recommended to use shear
reinforcement spacing of 𝐷𝐷�4 to resist the shear failure and transform the failure into flexural

failure or flexure-shear failure even when the impact energy is twice the quasi-static energy
absorption capacity of the beams.
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Fig 5.11. Residual load-carrying capacities of the beams with different shear capacities

Based on the above results, it is recommended for designers to use the above recommendations
to design or check a GFRP-RC beam section under a specified input impact energy. To check
if an existing GFRP-RC beam can resist a specified impact load, the section capacity should be
calculated first. The section capacity can be calculated using existing design codes [30, 32]. For
example, using ACI [30] recommendations, the section capacity can be calculated for an overreinforced or under-reinforced section using equations 7.2.2a and 7.2.2f, respectively. After the
section capacity is calculated, the ultimate load and corresponding midspan deflection (section
7.3.2.3) can be calculated. Therefore, plotting the load-midspan deflection allows for the
calculation of the maximum quasi-static energy absorption capacity �𝐸𝐸𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 � of the beam. If

𝐸𝐸𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 is larger than 1.5 times the input impact energy 𝐸𝐸, then the post-impact residual capacity
of the beam would be dependent on its shear capacity.

If a new GFRP-RC beam were to be designed, similar steps should be followed. The minimum
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quasi-static energy absorption capacity �𝐸𝐸𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 � should be larger than 1.5 times the input impact

energy 𝐸𝐸, or the following design condition should be satisfied, 𝐸𝐸𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 ≥ 1.5𝐸𝐸. To calculate
𝐸𝐸𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 , both the ultimate load and corresponding midspan deflection need to be calculated. The

ultimate load should be assumed first by trial and error and the corresponding midspan
deflection should be calculated based on the ultimate load. The quasi-static energy absorption

capacity of a GFRP-RC beam can be calculated as per design code recommendations. After
several iterations (if required), when the calculated 𝐸𝐸𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 is found, the ultimate load can then

be used to design the section. Therefore, the section dimensions, compressive strength of

concrete, and GFRP bar reinforcement can be designed to resist high-intensity low-velocity
impact loads.

5.6

Conclusions

In this paper, the overload damage mechanisms of nine GFRP-RC beams were investigated by
conducting a series of impact loads tests. A well-instrumented experimental program was
carried out to investigate the influence of shear capacity and impact velocity on the behavior of
GFRP-RC beams under high-intensity low-velocity impact loads. After impact, the beams were
tested under quasi-static monotonically increasing loads to determine the residual capacities of
these beams. The following conclusions were drawn:
1. The shear capacities of the GFRP-RC beams significantly influenced the failure modes of
the beams under high-intensity low-velocity impact loads. Beams with higher shear capacities
failed in flexure and flexure-shear, whereas beams with lower shear capacities developed shearplug type of failure.
2. As the impact velocity increased, all beams regardless of their shear capacities experienced
higher levels of local damage and post-impact cracks.
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3. During the first 5 ms of the impact, the shear force transitioned from a dynamic shear force
at the center of the beam to a quasi-static shear force. The shear-plug cracks observed on all
beams can be explained using the dynamic shear force diagrams of the beams which are
influenced by the inertia resistance of the beams.
4. The maximum input impact energy the beams were able to resist was 1.5 times the quasistatic energy absorption capacity. An input impact energy higher than that led to a catastrophic
failure of the beams regardless of the shear capacity.
5. It was observed that increasing the shear capacity of a GFRP-RC beam led to smaller residual
deflections and higher residual capacities. To resist impact loads, it is recommended to use a
spacing of the shear reinforcement of 𝐷𝐷�3 for beams subjected to impact energies similar to the
quasi-static energy absorption capacity and a spacing of 𝐷𝐷�4 for beams that could be subjected

to impact energies up to 1.5 times the quasi-static energy absorption capacity.

6. Based on the experimental observations and existing design codes, design recommendations
were provided to design a GFRP-RC section to resist a specified input impact load.
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Chapter Six: Damage assessment of GFRP bar reinforced ultra-highstrength concrete beams under overloading impact conditions

This chapter is under revision in Engineering Structures as a journal article with the following
citation:
Saleh, Z., Sheikh, M.N., Remennikov, A.M., Basu, A., "Damage assessment of GFRP bar
reinforced ultra-high-strength concrete beams under overloading impact conditions,"
Engineering Structures.
Contributions of the authors:
Zein Saleh prepared the GFRP-RC beams, conducted the experiment, analyzed the
experimental results, and prepared the manuscript.
M. Neaz Sheikh, Alex M. Remennikov, and Abheek Basu supervised the research study and
reviewed the manuscript.

160

Preamble
In the previous chapter, experimental investigations were carried out on the behavior of Glass
Fiber-Reinforced Polymer bar Normal Strength Concrete (GFRP-NSC) beams under
overloading impact conditions. This chapter presents the assessment of the damage of GFRPUHSC beams under overloading impact conditions. In the literature, the the Glass FiberReinforced Polymer bar Ultra-High-Strength Concrete (GFRP-UHSC) beams were found to
have superior strengths over GFRP-NSC beams. However, the UHSC is brittle and may lead to
brittle failure of the GFRP-UHSC under low-velocity impact loads. A detailed description of
the experimental program carried out to assess the damage of the GFRP-UHSC beams under
low-velocity impact loads was presented. All beams were subjected to input impact energies
higher than the quasi-static energy absorption capacities of the beams.
The shear resistance of the UHSC in Steel-RC beams has been investigated in the literature.
However, the influence of the shear capacity of the GFRP-UHSC beams has not been
investigated. A detailed analysis of the influence of the shear capacities of the beams on the
failure modes and residual capacities of the GFRP-UHSC beams under overloading impact
conditions was presented. Moreover, design recommendations were presented in this chapter
for the design of GFRP-UHSC to resist overloading impact conditions.
No numerical studies have yet investigated the behavior of large-scale GFRP-RC beams under
overloading impact conditions. Moreover, no study has yet investigated the influence of the
impact mass, impact velocity, and impact energy on the behavior of GFRP-RC beams under
low-velocity impact loads. The next chapter presents the numerical investigations on the
influence of the input impact energy on the behavior of GFRP-RC beams under low-velocity
impact loads.
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Abstract
This paper investigates the damage assessment of Glass Fiber Reinforced Polymer (GFRP) bar
reinforced Ultra-High Strength Concrete (UHSC) beams under overloading impact conditions. The
overloading impact condition is defined as the input impact energy larger than the quasi-static energy
absorption capacity of the beam. Impact (drop load) tests were carried out on nine GFRP bar
reinforced UHSC (GFRP-UHSC) beams. Three increasing input impact energies were used in this
study. To investigate the influence of the shear capacity on the damage, GFRP-UHSC beams were
designed with three different shear capacities. The midspan deflection histories, dynamic forces, and
accelerations along the beams were measured. The crack patterns were recorded using a high-speed
video camera to analyze the failure modes of the beams. It was found that the shear capacities of
GFRP-UHSC beams significantly influenced the failure modes of the beams under overloading
impact conditions. Design recommendations for GFRP-UHSC beams to resist overloading impact
conditions were provided.

6.1

Introduction

During the last few decades, Glass Fiber Reinforced Polymer (GFRP) bars have emerged as suitable
replacements for steel bars in Reinforced Concrete (RC) structures. GFRP bars are anisotropic, have
high strength-to-weight ratio, do not corrode, have higher ultimate strengths than steel bars, and are
non-electromagnetic. Therefore, GFRP bar reinforced concrete structures are the most suitable in
aggressive and corrosive environments. The flexural behavior and shear behavior of GFRP bar
reinforced concrete beams under monotonic loads were investigated extensively in the literature in
the last two decades [1-13]. The bond characteristics of GFRP bars were also thoroughly investigated
in the literature [14-20]. The range of the compressive strengths of concrete investigated was between
Normal Strength Concrete (NSC) of 20 MPa and High Strength Concrete (HSC) of 80 MPa. However,
a few studies investigated the behavior of GFRP bar reinforced concrete beams with concrete
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strengths higher than 80 MPa [21]. In this study, the concrete having a compressive strength higher
than 100 MPa was considered ultra-high-strength concrete (UHSC) [22].
The use of HSC and UHSC beams especially in bridges and high-rise buildings is becoming more
popular due to the superior strength and stiffness of HSC and USHC over-normal-strength concrete.
Recently, GFRP bar reinforced HSC (GFRP-HSC) beams have been gaining popularity. The flexural
behavior of GFRP-HSC beams was extensively investigated in the literature and was found to be
superior to the flexural behavior of the GFRP bar reinforced NSC (GFRP-NSC) beams [7, 23-26]. To
ensure ductility, the design codes [27, 28] recommend concrete failure before FRP bar rupture since
it is a less severe failure mode. This provides some ductility before the failure of the beams. However,
the behavior of UHSC beams is different from that of NSC beams due to the brittleness of the UHSC
and the lower ductility of the UHSC beams. It was reported in the literature that brittle shear failure
occurs in HSC and UHSC beams [29-33]. The relatively smooth and trans-angular cracks in HSC,
along with the absence of interlocking of the aggregate particles in HSC, reduce the contribution of
aggregates to the shear strength of the beam. This leads to the brittle shear failure of HSC beams.
During the last few decades, RC structures around the world have been increasingly subjected to
impact loads caused by events including terrorist attacks, vehicle accidents, and natural disasters.
Impact loads cause catastrophic failure of the structures. Therefore, it is important to design the
structures against impact loads. It is noted that the response of GFRP bar reinforced concrete beams
under monotonic loads is different from the response of GFRP bar reinforced concrete beams under
low-velocity impact loads.
A few studies investigated the behavior of GFRP-NSC and GFRP-HSC beams under input impact
energies equivalent to the quasi-static Energy absorption capacity (E) of the beam [10, 34]. However,
the beams did not completely fail and showed signs of reserve capacities. It was reported that the
failure input impact energy was higher than its quasi-static Energy absorption capacity (E). Therefore,
overloading impact conditions were used in this study to assess the damage and the reserve capacity
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of the beam. Overloading impact is defined as the input impact energy higher than E.
Several studies in the literature investigated the impact response of beams strengthened with FRP [35,
36]. However, the shear behavior of GFRP bar reinforced concrete beams under low-velocity impact
loads has not been adequately investigated [10, 37]. Moreover, no study has yet investigated the effect
of the shear capacities of GFRP-UHSC beams under overloading impact conditions.
This study explores, through experimental investigations, the damage of GFRP-UHSC beams under
overloading impact conditions. The low-velocity impact loads tests were carried out using the highcapacity impact testing facility at the University of Wollongong. The influences of the shear
capacities and impact energies were discussed. This study also provides a detailed assessment of the
damage of GFRP-UHSC beams under overloading impact conditions. Moreover, design
recommendations for GFRP-UHSC beams under impact loads were proposed.

6.2
6.2.1

Experimental program
Material properties

To determine the compressive strength of concrete, nine 150 mm x 300 mm cylinder samples were
cast on the day of concrete casting. The target compressive strength of concrete at 28 days was 80
MPa. Three cylinders were tested after 28 days of concrete casting, on the first day of impact load
tests (day 126), and on the last day of impact load tests (day 138). The MATEST Servo-Plus Evolution
machine was used for the testing of the compressive strengths of concrete. The average compressive
strength of concrete at 28 days was 97.6 MPa. However, the average compressive strength of concrete
on the first and last day of impact load tests was 118 MPa. Therefore, the compressive strength of
concrete of the beams was reported as 118 MPa in this study.
To determine the tensile properties of the GFRP bars, eight GFRP bars were tested to determine the
average modulus of elasticity and ultimate strength of the GFRP bars. The tensile tests were carried
out using the INSTRON machine. The tensile stress-strain curves of the eight tested GFRP bars are
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presented in Fig 6.1. It can be observed from Fig 6.1 that all GFRP bars showed linear behavior until
the rupture of the bars. The average modulus of elasticity of the GFRP bars was 44 GPa and the
average ultimate tensile strength of the GFRP bars was 966 MPa.
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Fig 6.1. Tensile stress-strain curves of the 16 mm diameter GFRP bars

6.2.2

Details of the GFRP-UHSC beams

In total, nine GFRP-UHSC beams were tested in this study under low-velocity impact loads. In
addition, one GFRP-UHSC beam was tested under quasi-static loads as a control beam to determine
the Energy absorption capacity (E) of the control beam. All the GFRP-UHSC beams were 200 mm
in width, 300 mm in depth, and 2400 mm in length. The clear span of the beams was 2000 mm. The
clear concrete cover was 25 mm at the top, bottom, and the sides of the beams. All the beams were
reinforced with GFRP longitudinal bars and GFRP transverse shear bars. The longitudinal bars
comprised two 16 mm GFRP bars placed in tension and two 16 mm GFRP bars placed in
compression. Table 6.1 presents the details of the tested beams. The GFRP-UHSC beams were
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designed as over-reinforced according to ACI [27], considering the target compressive strength of
concrete of 80 MPa. Due to the large difference between the target compressive strength of concrete
and the achieved compressive strength of concrete during the impact test period (target = 80 MPa and
achieved = 118 MPa), the beams were under-reinforced according to ACI [27]. The shear
reinforcement calculations were carried out according to ACI [27] and Australia [28]. The shear
reinforcement comprised 12 mm GFRP bars. The spacing of the shear reinforcement was varied so
that the GFRP-UHSC beams achieved three different shear capacities. The maximum allowed spacing
between the GFRP stirrups as per the recommendations of ACI [27] and Australia [28] was taken into
account. The spacings of the GFRP stirrups were 150 mm, 100 mm, and 75 mm corresponding to
𝐷𝐷� , 𝐷𝐷� ,
2
3

and 𝐷𝐷�4, respectively, where D is the depth of the beam. The details of the beams were

presented in Fig 6.2. The variables of this study were the shear capacity of the beams and the impact
energies.

Fig 6.2. Details of the GFRP-UHSC beams tested
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Table 6.1: Details of the tested GFRP-UHSC beams
Transverse
Compressive
Longitudinal

Dimensions
Beam

strength of

Beam
of Beam

group

reinforcement

reinforcement

Bar

(mm)

diameter

concrete

Name
(mm)

Spacing

(MPa)

(mm)
(mm)

1

150-5.5

150

100-5.5

100
200

75-5.5

Two 16 mm

75

150-6

bars

150

100-6

(Tension)

100

(Width)

2

300
118

75-6

12

75

(Depth)
150-6.5
3

100-6.5

Two 16 mm

150

bars

100

(Compression)

75

2400
75-6.5
(Length)
Control

Control

beam

beam

100
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6.2.3

Experimental program

One control beam was tested under quasi-static three-point bending loading to determine the
load-midspan deflection response of this control beam. The control beam had the same
properties as the beams tested under impact loads. The control beam was tested under quasistatic loads at the rate of 1 mm/min. The load was applied onto a steel plate placed on top of
the control beam at its midspan. The applied load was recorded using a load cell and the
midspan deflection was recorded using ACUITY AR550-250 laser displacement transducer
placed below the midspan of the control beam. Since the control beam was under-reinforced
(considering the achieved compressive strength of concrete during impact loads testing), the
predicted failure mode was GFRP bar rupture. The quasi-static Energy absorption capacity
(EAC) of the control beam was calculated as the area under the load-midspan deflection curve
[9, 12, 38, 39]. The impact velocities were then chosen for this experiment based on E as 5.5
m/s, 6 m/s, and 6.5 m/s. The choice of the impact velocities is explained in detail in Section 3.1.
Nine GFRP-UHSC beams were tested under low-velocity impact loads using the high capacity
impact test machine at the University of Wollongong. The test setup for the impact load tests
was shown in Fig 6.3. The supports of the beams were placed at a distance of 200 mm from
both edges of the beam. A pin and a roller support were used. The impact hammer was restricted
to the vertical motion only. The total mass of the impact hammer was 600 kg. The impactor
was flat, made of steel, and had a diameter of 300 mm.

168

Fig 6.3. Drop-weight impact loads test set-up

The nine beams tested under impact loads were divided into three groups to investigate the
influence of the shear capacities of the beams on the damage of the beams under overloading
impact conditions. Each group contained three beams with the spacing of 𝐷𝐷�2 (or 150 mm), 𝐷𝐷�3

(or 100 mm), and 𝐷𝐷�4 (or 75 mm). Groups 1, 2, and 3 were subjected to impact velocities of 5.5
m/s, 6 m/s, and 6.5 m/s, respectively. A MEMRECAM HX-7 high-speed video camera was

used to record the tests at 5000 frames/sec. A 5 mm rubber pad was placed on the top of the
beam at the impact zone to protect the concrete from crushing. Two reaction frames were used
to prevent the uplift of the beam after impact (Fig 6.3). The impact load was measured using a
high-capacity load cell connected to the impact hammer. The reaction forces were measured
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using load cells placed below the supports of the beams. Six accelerometers were mounted to
one side of the beam to measure the acceleration of the beam during the first few milliseconds
to analyze the inertia effects. All experimental data were recorded at a sampling rate of 100
kHz. Square grids with 50 mm sides were drawn on one face of the GFRP-UHSC beams to help
in tracking the cracks. The beams were labelled by two numbers, the first number indicates the
spacing of the shear reinforcement and the second number indicates the impact velocity. For
example, Beam 75-6 indicates that the beam with a stirrup spacing of 75 mm and was tested
under an impact velocity of 6 m/s.

6.3
6.3.1

Experimental results and discussion
Quasi-static loads test

Three-point bending load test was carried out on the GFRP-UHSC control beam to measure its
quasi-static Energy absorption capacity (EAC). The control beam was similar in dimensions to
the nine beams tested under impact loads. The supports placed below the beam were roller and
pin supports. The deflection controlled quasi-static loads were applied at a rate of 1 mm/min at
the midspan of the control beam. The load was applied until the failure of the beam. The control
beam failed by tensile GFRP bar rupture. This was consistent with an under-reinforced failure
of a GFRP-UHSC beam [40]. The load-midspan deflection response is presented in Fig 6.4.
The load-midspan deflection response of the control beam was bilinear up till failure. The
experimental cracking load was 35.6 kN. After the cracking of the concrete, the stiffness of the
beam reduced. Flexural cracks were observed in the beam. The load increased until it reached
approximately 200 kN when partial rupture of GFRP bars started taking place. The load
increased until the ultimate capacity of 208 kN was attained when the GFRP bars fully ruptured.
The midspan deflection corresponding to the ultimate load was 56.1 mm. The quasi-ductile
behavior due to cracking of concrete in compression [10, 40] was not observed before failure.
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The failure of the control beam was sudden due to the rupture of the GFRP bars. The concrete
in compression was almost intact. The energy absorption capacity (EAC) of the control beam
was calculated as the area under the load-midspan deflection curve (Fig 6.4). The value of E of
1

the control beam was 6.6 kJ. Then, E was equated to the input impact energy (2 mv 2 ) of the

drop hammer to determine the input impact velocity for the impact load tests [10, 34]. In order
to investigate the damage of the GFRP-UHSC under overloading impact conditions, impact
energies higher than EAC of the control beam were applied. It was reported in Goldston et al.
[10] that GFRP-NSC and GFRP-HSC small-scale beams tested under low-velocity impact loads
did not fail when subjected to an input impact energy of value EAC. Therefore, input impact
energies of 1.4E, 1.6E, and 1.8E were applied in this study to assess the damage of GFRPUHSC beams under overloading impact conditions. The three impact velocities applied on the
three groups of beams were 5.5 m/s, 6 m/s, and 6.5 m/s. The nine beams tested under impact
loads had different shear capacities. All nine beams were compared to the control beam with a
stirrups spacing of 100 mm. When the shear capacity of a GFRP-UHSC beam increases, the
EAC of the beam increases as well [5]. However, the increase in the EAC was not significant
and it was considered acceptable to assume in this study that the EAC of all nine beams was
similar.
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Fig 6.4. Load-midspan deflection response of the control beam specimen

In order to quantify the damage of the beams, the beams that were subjected to overloading
impact conditions were also tested under quasi-static loads after impact to determine their
residual load-carrying capacities. In this study, the residual load-carrying capacity (residual
capacity hereafter) of the beam (Pr) is defined as the load-carrying capacity of that beam after
being subjected to impact loads. The residual capacity of the beam (Pr) was then compared to
the load-carrying capacity of the control beam (208 kN). The residual capacities of the beams
would indicate the level of damage of each beam after impact loads.
Based on the experimental observations, three levels of damage of GFRP-UHSC beams were
considered in this study: (i) Minor when Pr was over 90%, (ii) Medium when Pr was between
80% and 90%, and (iii) Severe when Pr was under 80%.
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6.3.2

Dynamic equilibrium of applied forces

The forces present during an impact are the reaction force, inertia load, and impact load. When
the impactor strikes the beam, the beam accelerates downwards in the direction of the motion
of the impactor. The impact load is resisted by the stiffness of the beam while the beam
accelerates downwards. The acceleration of the beam creates the inertia load which acts
opposite to the direction of motion of the beam. The impact load, at any instant, equals the sum
of the inertia load and the reaction force [41]. The inertia load of the beam is calculated as the
integral of the mass per unit length of the beam multiplied by the acceleration of the beam over
its length as shown in Eq.1:
𝐿𝐿

� 𝑚𝑚
� 𝑢𝑢̈ (𝑥𝑥, 𝑡𝑡)𝑑𝑑𝑑𝑑 + 𝑅𝑅(𝑡𝑡) = 𝐼𝐼(𝑡𝑡)

(1)

0

where 𝐿𝐿 is the length of the beam, 𝑚𝑚
� is the mass per unit length of the beam, 𝑢𝑢̈ is the acceleration
of a particular point on the beam, 𝑅𝑅 is the total reaction force, and 𝐼𝐼 is the impact load.

The impact load in this experiment was recorded using a load cell connected to the impactor.
The reaction forces were recorded using load cells placed below the supports. The accelerations
were recorded using accelerometers attached externally to the front side of the beam, as shown
in Fig 6.5. The accelerometers were attached only to one side of the beam and symmetry was
assumed for the other side. The accelerometers were spaced at 200 mm. The change in the
acceleration between two adjacent accelerometers was assumed linear. The impact load,
reaction forces, and inertia load are presented in Fig 6.5.
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Fig 6.5. Distribution of dynamic loads along the beam

Fig 6.6 presents the dynamic equilibrium of the applied force history for Beam 75-6 for the
duration of impact. The impact load started from zero and increased until it reached a maximum
force of 620 kN at 1.7 ms. The impact load then dropped to a value of 31 kN at 3.6 ms and
fluctuated around 30 kN until 𝑡𝑡 = 5 ms. The impact load increased again and fluctuated around

a value of 170 kN before it dropped back to zero at the end of the impact. The inertia load
coincided with the impact load during the first 5 milliseconds of impact. This indicates that the
inertia force was influenced by the drop height and stiffness of the surface of contact. The inertia
load then dropped and fluctuated around 60 kN in the negative side (indicating that the
acceleration took place in the opposite direction) before the inertia load returned to zero at the
end of the impact. The reaction force had no contribution in the first 5 milliseconds of the
impact, as the stress waves of the impact load did not reach the supports. The reaction force
started increasing at 𝑡𝑡 = 5 ms. The reaction force increased to reach a maximum of 258 kN at
18 ms then dropped back to zero at the end of the impact.
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Fig 6.6. Dynamic equilibrium of applied forces for Beam I-75-6

It was observed that during the first 5 milliseconds of the impact, the impact and inertia loads
were not influenced by the shear capacities of the beams. Regardless of the shear capacity of
the beam, the impact load started from zero and increased to the maximum at 1.7 ms then
decreased back to zero. It was observed that the impact loads and impulses (area under the
impact load versus time curve [42, 43]) were almost similar for all beams belonging to the same
group regardless of their shear capacities. Similar observations were reported in Fujikake et al.
[42].
6.3.3

Impact loads test

Nine GFRP-UHSC beams were tested under low-velocity impact loads. The nine beams were
divided into three groups. Each group contained three beams with different shear capacities.
The three beams in each group had a stirrups spacing of 𝐷𝐷�2 (or 150 mm), 𝐷𝐷�3 (or 100 mm), and

𝐷𝐷� (or 75 mm). Group 1
4

beams were subjected to an input impact energy of 1.4EAC or 9.3 kJ.
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Therefore, the input impact velocity of Group 1 beams was chosen to be 5.5 m/s. Similarly,
Group 2 and Group 3 beams were subjected to impact velocities of 6 m/s (impact energy of
1.6EAC) and 6.5 m/s (impact energy of 1.8EAC), respectively. In order to track the cracks, each
crack was numbered on Figs 6.7-6.9. It is noted that the cracks were numbered in order from
the center to right and not in the order of their appearance. The failure modes of the beams are
discussed in the following sections.
6.3.3.1 Group 1 beams
To analyze the damage mechanisms of Group 1 beams, the video recordings of each beam
collected from the high-speed camera and midspan deflection histories were analyzed. Fig 6.7
presents the damage progression of Beam 150-5.5, Beam 100-5.5, and Beam 75-5.5 at three
time instances. The three time instances present: the effect of beam inertia resistance (at t = 1.7
ms), the maximum midspan deflection (at t = 23 – 25 ms), and the post-impact damage of each
beam. Beam 150-5.5 with a stirrups spacing of 𝐷𝐷�2 (150 mm) had the maximum allowable
stirrups spacing. The other two beams (Beam 100-5.5 and Beam 75-5.5) represent the beams

with higher shear capacities. The input impact energy was 1.4EAC for Group 1 beams.
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Fig 6.7. Damage progression of Group 1 beams under impact loads
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Beam 75-5.5

The first impact load test was carried out on Beam 150-5.5. During the first two milliseconds
of the impact, when the effect of beam inertia takes place, a flexural crack was observed at the
midspan of the beam (crack 1) (Fig 6.7). The flexural crack propagated vertically upwards
towards the impact zone. As the beam continued deflecting, additional flexural cracks (cracks
3, 5, and 6) started developing in the beam. New flexural cracks initially started propagating
parallel to the other flexural cracks vertically upwards. However, these cracks started
propagating towards the impact zone and transitioned into flexure-shear cracks (cracks 3, 5,
and 6) as Beam 150-5.5 continued deflecting. In addition, shear cracks (cracks 2, 4, and 7)
developed in the beam. At t = 24 ms, Beam 150-5.5 reached its maximum deflection and the
cracks reached their maximum widths. The maximum midspan deflection of Beam 150-5.5 was
58.3 mm. The flexure-shear cracks dominated the damage response of Beam 150-5.5. As the
beam rebounded to the initial position, the impactor separated from the beam and bounced a
few times on it before coming to rest. This caused additional cracks in Beam 150-5.5. This also
caused minor local damage at the impact zone. Moreover, spalling of concrete was observed
for Beam 150-5.5 in the tension zone. The residual midspan deflection (residual deflection
hereafter) of the beams was defined as the permanent deflection of the beam after impact
measured from the midspan of the beam. The residual deflection of Beam 150-5.5 was 13.1
mm (Table 6.2). The residual deflection of Beam 150-5.5 was 22.5 % of the maximum midspan
deflection. After Beam 150-5.5 was subjected to impact, the residual capacity of the beam (Pr)
was determined. The Pr of Beam 150-5.5 was 158 kN, which was 76% of the load-carrying
capacity of the control beam. Therefore, the damage of Beam 150-5.5 could be considered
Severe based on the damage classification in Section 3.1.
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Table 6.2: Midspan deflection details of the tested beams
Time at
Maximum
maximum
midspan
Impact
Beam
Beam
midspan
deflection
velocity
group
name
deflection (sec)
(mm)
(m/s)
(∆𝑚𝑚𝑚𝑚𝑚𝑚 )
�𝑡𝑡∆𝑚𝑚𝑚𝑚𝑚𝑚 �
58.3
24.8
150-5.5
1
5.5
58.0
24.2
100-5.5
57.8
23.9
75-5.5
N/A
N/A
150-6
2
6
75.2
27.5
100-6
74.7
26.2
75-6
N/A
N/A
150-6.5
3
6.5
N/A
N/A
100-6.5
72.6
27.0
75-6.5

Time at
final
position
(sec)
�𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 �
47.7
46.5
46.3
N/A
60.4
52.4
N/A
N/A
56.1

Residual
midspan
deflection
(mm)
(∆𝑟𝑟𝑟𝑟𝑟𝑟 )
13.1
10.3
9.2
N/A
16.4
15.5
N/A
N/A
12.7

*Note: ∆𝑚𝑚𝑚𝑚𝑚𝑚 : maximum midspan deflection, 𝑡𝑡∆𝑚𝑚𝑚𝑚𝑚𝑚 : time at maximum midspan deflection, 𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 : time
when the beam returned to its initial position, and ∆𝑟𝑟𝑟𝑟𝑟𝑟 : residual midspan deflection

For the second test of Group 1 beams, the shear capacity (stirrups spacing of 𝐷𝐷�3) was increased

compared to Beam 150-5.5. The same impact test was carried out on Beam 100-5.5. During the
first two milliseconds of impact, a flexural crack (crack 1) was observed at the midspan of the
beam (Fig 6.7). As Beam 100-5.5 continued deflecting, additional flexure-shear cracks (cracks
3-5, and 6) were observed. In addition, shear cracks (crack 2) were observed in Beam 100-5.5.

The flexure-shear cracks observed in Beam 100-5.5 were very similar to the flexure-shear
cracks observed in Beam 150-5.5. However, unlike Beam 150-5.5, no shear cracks were
observed in Beam 100-5.5. At t = 24 ms, Beam 100-5.5 reached its maximum deflection and
the cracks reached their maximum widths (Fig 6.7). The maximum midspan deflection of Beam
100-5.5 was 58 mm. No local damage was observed in Beam 100-5.5 during the impact.
However, after the impactor rebounded and rested on Beam 100-5.5, minor local damage was
observed in the impact zone. The residual deflection of Beam 100-5.5 was 10.3 mm, which was
17.8% of the maximum midspan deflection. After testing Beam 100-5.5 under impact loads,
the residual capacity of the beam was measured. The residual capacity (Pr) of Beam 100-5.5
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was 168 kN, which was 81 % of the load-carrying capacity of the control beam. Therefore, the
damage of Beam 100-5.5 could be considered Medium.
The final impact loads test for Group 1 beams was carried out for Beam 75-5.5 (stirrups spacing
of 𝐷𝐷�4). Beam 75-5.5 had the highest shear capacity among Group 1 beams. Similar to Beam

150-5.5 and Beam 100-5.5, a flexural crack (crack 1) was observed during the first two
milliseconds of the impact (Fig 6.7). As the beam continued deflecting, the flexural crack (crack
1) widened and additional flexural cracks (cracks 2 and 3) formed. In addition, flexure-shear
cracks appeared in Beam 75-5.5 (cracks 4-6). The shear crack (crack 7) observed was minor in
comparison to the other flexural and flexure-shear cracks. At t = 24 ms, Beam 75-5.5 reached
the maximum midspan deflection of 57.8 mm. The flexural cracks appeared to be more
dominant than the flexure-shear cracks. The higher shear capacity of Beam 75-5.5 led to a better
resistance of the shear cracks and flexure-shear cracks than Beams 150-5.5 and 100-5.5. The
impactor bounced off Beam 75-5.5. However, no local damage was observed for Beam 75-5.5.
The residual deflection was 9.2 mm, which was 16% of the maximum midspan deflection of
Beam 75-5.5. After the impact, the residual capacity of Beam 75-5.5 measured. The residual
capacity (Pr) was 171 kN, which was 82% of the load-carrying capacity of the control beam.
The damage of Beam 75-5.5 could be considered to be Medium.
It was observed for Group 1 beams that regardless of the shear capacity of the beam, a flexural
crack at the midspan of the beam developed during the beam inertia effect phase (first two
milliseconds of the impact). Moreover, it was observed that beams with lower shear capacity
(Beam 150-5.5) experienced dominant shear cracks and flexure-shear cracks, whereas beams
with higher shear capacity (Beam 75-5.5) experienced dominant flexural cracks. The shear
capacities of the beams significantly influenced the residual deflections and residual capacities
of the beams. The increase in the shear capacity led to a transformation in the damage level
from severe (76% for Beam 150-5.5) to medium (82% for Beam 75-5.5). Also, the residual
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deflection of Beam 75-5.5 was 30% smaller than the residual deflection of Beam 150-5.5. It
was also observed that the maximum midspan deflection of the beams was not influenced by
their shear capacities.
6.3.3.2 Group 2 beams
No beams failed by GFRP bars rupture in Group 1 beams. Therefore, the impact energy was
increased to assess the overloading impact damage of the beams. The impact energy for Group
2 beams was increased to 1.6EAC (10.6 kJ). The equivalent input impact velocity was 6 m/s.
The first of in the Group 2 beams tested was Beam 150-6 (stirrups spacing of 𝐷𝐷�2). It was

observed from Fig 6.8 that during the inertia loading stage, a flexural crack (crack 1) developed
at the midspan of the beam. The beam continued deflecting and dominant flexure-shear cracks
(cracks 1-3) appeared in Beam 150-6. The flexure-shear cracks widened as the beam deflected

and additional shear cracks developed at the impact zone propagating towards the supports.
Moreover, local damage was observed in the impact zone. As Beam 150-6 continued deflecting,
the GFRP bars in tension ruptured. By analyzing the midspan deflection history and the highspeed video recording of Beam 150-6, it was observed that the GFRP bars in tension partially
ruptured upon Beam 150-6 reaching its maximum midspan deflection. However, the GFRP bars
did not fully rupture and Beam 150-6 rebounded. Then, the impactor bounced a few times on
the beam causing the GFRP bars to fully rupture. The post-impact cracks and the local damage
of Beam 150-6 are presented in Fig 6.8. The residual deflection and residual capacity of Beam
150-6 were not measured due to the GFRP bars rupture. Therefore, the residual capacity (Pr) of
Beam 150-6 was zero and the damage could be considered Severe based on the damage
classification in Section 3.1.
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Fig 6.8. Damage progression of Group 2 beams under impact loads
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Beam 75-6

The shear capacity of the beam was increased for the second test of Group 2 beams. Beam 100-6
(stirrups spacing of 𝐷𝐷�3), similar to all the previous beams, Beam 100-6 developed a flexural crack
(crack 1) during the inertia loading stage. As Beam 100-6 continued deflecting, flexure-shear cracks

(cracks 3 and 4) and additional flexural cracks (crack 2) were observed. At t = 27 ms, Beam 100-6
reached its maximum midspan deflection of 75.2 mm. Moreover, local damage was observed in the
impact zone and the concrete cover in compression was damaged. The GFRP stirrups were exposed
(Fig 6.8). Beam 100-6, unlike Beam 150-6, did not collapse. The increase in the shear capacity of
Beam 100-6 prevented the beam from severe failure. Beam 100-6 rebounded to its initial position and
the residual deflection was measured as 16.4 mm, which was 22% of the maximum midspan
deflection. Since the GFRP bars did not rupture, the residual capacity of Beam 100-6 was tested. The
residual capacity (Pr) of Beam 100-6 was 142 kN, which was 68% of the load-carrying capacity of
the control beam. Therefore, the damage of Beam 100-6 could be considered Severe.
For the last test of Group 2 beams, Beam 75-6 with a stirrups spacing of 𝐷𝐷�4 was tested. The same
flexural crack (crack 1) was observed in all Group 1 and Group 2 beams during the first two

milliseconds of impact (Fig 6.8). As Beam 75-6 continued deflecting, flexure-shear cracks (cracks 24, and 6) were observed. Local damage was also observed in Beam 75-6 during the impact. The
maximum midspan deflection measured for Beam 75-6 was 74.7 mm. The residual deflection of
Beam 75-6 was 15.5 mm, which was 20.7% of the maximum midspan deflection. The residual
capacity of Beam 75-6 was 166 kN. The residual capacity (Pr) of Beam 75-6 was 80% of the loadcarrying capacity of the control beam. Therefore, the increase in the shear capacity from stirrups
spacing of 𝐷𝐷�3 to 𝐷𝐷�4 influenced the damage levels of the beams. The damage of Beam 75-6 could be
considered Medium.

It was observed for Group 2 beams that the shear capacity significantly influenced that damage levels
of the beams. Beams with lower shear capacity (Beam 150-6) failed by the rupture of GFRP bars. An
increase in the shear capacity led to severe damage of Beam 100-6, avoiding the collapse of the beam.
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A further increase in the shear capacity (Beam 75-6) led to Medium damage.
6.3.3.3 Group 3 beams
In the tests carried out for Group 2 beams, only Beam 150-6 failed by the rupture of GFRP bars.
Therefore, the input impact energy was increased to 1.8EAC (11.9 kJ) to assess the damage of the
GFRP-UHSC beams under overloading impact conditions. The first beam of Group 3 beams tested
was Beam 150-6.5 (stirrups spacing of 𝐷𝐷�2). Similar to all the other beams tested, a flexural crack
(crack 1) was observed during the first two milliseconds of impact (Fig 6.9). As Beam 150-6.5

continued deflecting, additional flexure-shear cracks (cracks 2 and 3) and flexural cracks (crack 4)
were observed in the beam. A major shear crack was observed in Beam 150-6.5 propagating from the
impact zone towards the support. The widths of the cracks increased as the beam deflected. At t = 22
ms, Beam 150-6.5 completely collapsed due to GFRP bars rupture. The flexure-shear cracks closed
when the beam collapsed. The post-impact image of Beam 150-6.5 (Fig 6.9) shows the clear failure
of the beam by shear and the rupture of the GFRP bars. No local damage was observed in the impact
zone as well. Since Beam 150-6.5 completely collapsed, the residual deflection and residual capacity
were not measured. The damage could be considered Severe and the residual capacity was zero.
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Fig 6.9. Damage progression of Group 3 beams under impact loads
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Beam 75-6.5

The second test was carried out for Beam 100-6.5 (stirrups spacing of 𝐷𝐷�3), where a flexural

crack was observed during the inertia effect phase (Fig 6.9). As Beam 100-6.5 continued
deflecting, additional flexural cracks (cracks 4 and 5) parallel to crack 1 were observed. In
addition, flexure-shear cracks (cracks 2) and shear cracks (crack 3) were observed in Beam 1006.5 as well. Similar to Beam 150-6.5, a major shear crack appeared in the beam originating at
the impact zone and propagating towards the support. At t = 24 ms, Beam 100-6.5 failed by the
rupture of GFRP bars. The major shear crack was clearly visible in the post-impact damage
image of Beam 100-6.5 (Fig 6.9). The residual capacity of Beam 100-6.5 was considered to be
zero and the damage was Severe.
The final beam tested was Beam 75-6.5 (stirrups spacing of 𝐷𝐷�4). A flexural crack (crack 1)

appeared in the beam during the first two milliseconds of impact (Fig 6.9). After 2 milliseconds

of impact, flexural crack 2 was observed in Beam 75-6.5. As the beam continued deflecting,
flexure cracks (cracks 3 and 4) were observed in Beam 75-6.5. At t = 13 ms, the flexural cracks
(cracks 1 and 2) and the flexure-shear cracks (cracks 3 and 4) were the dominant cracks in Beam
75-6.5. As the beam continued deflecting, the shear cracks (cracks 5-7) were observed in the
beam and merged with the flexure-shear cracks. At t = 27 ms, Beam 75-6.5 reached its
maximum midspan deflection and the cracks reached their maximum widths. The beam then
rebounded to its initial position and the impactor caused local damage at the impact zone. The
maximum midspan deflection and residual deflection of Beam 75-6.5 were 72.6 mm and 12.7
mm, respectively. The residual deflection was 17.5% of the maximum midspan deflection. The
residual capacity (Pr) of Beam 75-6.5 was 157 kN, which was 75% of the load-carrying capacity
of the control beam. Thus, the damage of Beam 75-6.5 could be considered Severe.
It was observed that beams with lower shear capacities (Beam 150-6.5 and Beam 100-6.5) failed
catastrophically by GFRP bars rupture under impact loads. However, Beam 75-6.5 (stirrups
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spacing of 𝐷𝐷�4), with higher shear capacity, had some residual capacity. It was also observed
that beams with lower shear reinforcement failed due to a major shear crack.

6.4

Discussion of the damage mechanisms of GFRP-UHSC under impact overloads

In this study, three stirrup spacings were chosen for the nine tested beams. The stirrup spacings
were 150 mm or 𝐷𝐷�2, 100 mm or 𝐷𝐷�3, and 75 mm or 𝐷𝐷�4. To assess the damage of GFRP-UHSC

beams under overloading impact conditions, three input impact energies were used. The input

impact energies were 9.3 kJ, 10.6 kJ, and 11.9 kJ which correspond to 1.4EAC, 1.6EAC, and
1.8EAC, respectively. Fig 6.10 presents the damage matrix of GFRP-UHSC beams with three
shear capacities (stirrups spacing of 𝐷𝐷�2, 𝐷𝐷�3, or 𝐷𝐷�4) under variable impact energies (1.4EAC,

1.6EAC, or 1.8EAC). It was observed that under an input impact energy of 1.4EAC, Beam 150-

5.5 (stirrups spacing of 𝐷𝐷�2,) and Beam 100-5.5 (stirrups spacing of 𝐷𝐷�3,) failed in the flexure-

shear mode, whereas Beam 75-5.5 (stirrups spacing of 𝐷𝐷�4,) failed in the flexure mode. No
beams failed in shear and all three beams had some residual capacities. When the input impact

energy was increased to 1.6EAC, Beam 100-6 and Beam 75-6 of Group 2 failed in the flexureshear mode. Both beams were able to resist the impact loads and had some residual capacities.
However, Beam 150-6, failed in the shear mode and the GFRP bars ruptured. The residual
capacity of Beam 150-6 was zero. The input impact load was further increased to 1.8EAC and
Group 3 beams were tested. Beam 100-6.5 and Beam 150-6.5 both failed in the shear mode and
the rupture of the GFRP bars in tension and compression was observed. The residual capacity
of both beams was zero. On the other hand, Beam 75-6.5 failed in the flexure-shear mode
without the rupture of the GFRP bars.
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Fig 6.10. Failure mode diagram of GFRP-UHSC beams with different shear capacities under
variable impact energies

Therefore, it can be concluded that for input the impact energy up to 1.4EAC, GFRP-UHSC
beams can resist the impact loads regardless of the shear capacity of the beam. For input impact
energies between 1.4EAC and 1.6EAC, only beams with higher shear capacities (stirrups
spacing of 𝐷𝐷�3 or 𝐷𝐷�4) were able to resist the impact loads and had residual capacities. Moreover,
for input impact energies between 1.6EAC and 1.8EAC, only beams with high shear capacities

(i.e. Beam 75-6.5) were able to resist the impact loads. For input impact energies higher than
1.8EAC, additional experiments must be carried out to determine the input impact failure energy
for beams with high shear capacities.

6.5
6.5.1

Design recommendations
Verification of observed failure modes

For beams under quasi-static loads, the ACI [27] did not specify an upper limit for the
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compressive strength of concrete beyond which the equations for shear design are not
applicable. Therefore, the shear capacities of the GFRP-UHSC beams were calculated
according to ACI [27]. The nominal shear strength (𝑉𝑉𝑛𝑛 ), presented in Eq. 2, is the sum of the
shear resistance provided by the GFRP shear reinforcement �𝑉𝑉𝑓𝑓 � and the nominal shear strength
provided by concrete (𝑉𝑉𝑐𝑐 ). The shear capacities for the nine GFRP-UHSC beams were

presented in Table 6.3.

Table 6.3: Shear capacities of the tested beams

Beam
group

1

2

3

Beam
name

150-5.5
100-5.5
75-5.5
150-6
100-6
75-6
150-6.5
100-6.5
75-6.5

Experimental
maximum
shear force
(𝑉𝑉𝑒𝑒 )
(kN)

Shear
capacity
according to
ACI (1)
(𝑉𝑉𝑛𝑛 )
(kN)

Residual
loadcarrying
capacity
(𝑃𝑃𝑟𝑟 )
(kN)

210
212
211
300
297
303
387
391
392

202
290
378
202
290
378
202
290
378

158
168
171
N/A
142
166
0
0
157

Ratio of
residual
capacity to
control beam
load-carrying
capacity
𝑃𝑃𝑟𝑟
� �
𝑃𝑃𝑢𝑢

0.76
0.81
0.82
N/A
0.68
0.80
0
0
0.75

Failure mode

Flexure-shear
Flexure-shear
Flexural
Shear
Flexure-shear
Flexure-shear
Shear
Shear
Flexure-shear

*Note: 𝑉𝑉𝑒𝑒 : experimental maximum shear force, 𝑉𝑉𝑛𝑛 : shear capacity according to ACI (1), 𝑃𝑃𝑟𝑟 : residual
load-carrying capacity, and 𝑃𝑃𝑢𝑢 : load-carrying capacity of control beam

𝑉𝑉𝑛𝑛 = 𝑉𝑉𝑓𝑓 + 𝑉𝑉𝑐𝑐

(2)

𝐴𝐴𝑓𝑓 𝑓𝑓𝑓𝑓 𝑑𝑑
𝑠𝑠

(3)

The resistance provided by the GFRP shear reinforcement is calculated by Eq. 3 (SI units)
𝑉𝑉𝑓𝑓 =

where, 𝑓𝑓𝑓𝑓 is the tensile strength of the shear reinforcement (in MPa), 𝑠𝑠 is the center-to-center

spacing of the shear reinforcement (in mm), and 𝐴𝐴𝑓𝑓 (in mm2) is the area of the shear
reinforcement in the spacing 𝑠𝑠.
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The nominal shear strength provided by concrete is calculated by Eq. 4
2
𝑉𝑉𝑐𝑐 = �𝑓𝑓𝑐𝑐′ 𝑏𝑏(𝑘𝑘𝑘𝑘)
5

(4)

where 𝑓𝑓𝑐𝑐′ is the compressive strength of concrete (in MPa), 𝑏𝑏 is the width of the beam (in mm),

𝑘𝑘 is the ratio of depth of neutral axis to reinforcement depth (Eq. 5), and 𝑑𝑑 is the distance from
extreme compression fiber to centroid of tensile longitudinal bars (in mm).
2

𝑘𝑘 = �2𝜌𝜌𝑓𝑓 𝑛𝑛𝑓𝑓 + �𝜌𝜌𝑓𝑓 𝑛𝑛𝑓𝑓 � − 𝜌𝜌𝑓𝑓 𝑛𝑛𝑓𝑓

(5)

where 𝜌𝜌𝑓𝑓 is the longitudinal reinforcement ratio and 𝑛𝑛𝑓𝑓 is the modular ratio calculated by Eq. 6
𝑛𝑛𝑓𝑓 =

𝐸𝐸𝑓𝑓
𝐸𝐸𝑐𝑐

(6)

where 𝐸𝐸𝑓𝑓 is the modulus of elasticity of the GFRP bars and 𝐸𝐸𝑐𝑐 is the modulus of elasticity of
concrete (calculated as 4700�𝑓𝑓𝑐𝑐′ for 𝑓𝑓𝑐𝑐′ in MPa).

Table 6.3 presents the results of the experimental maximum dynamic shear forces (𝑉𝑉𝑒𝑒 ), nominal

shear capacities (𝑉𝑉𝑛𝑛 ) calculated according to ACI [27], and the failure modes for the nine

GFRP-UHSC beams. The nominal shear capacities of the beams with a stirrup spacing of 75
mm, 100 mm, and 150 mm were 378 kN, 290 kN, and 202 kN, respectively. Moreover, the
experimental maximum dynamic shear force was derived for each of the nine tested beams
using the recordings from the accelerometers mounted along the beams. The experimental
maximum dynamic shear force (𝑉𝑉𝑒𝑒 ) was compared to the nominal shear capacity (𝑉𝑉𝑛𝑛 ). If the

experimental maximum shear force was smaller than the nominal shear capacity (𝑉𝑉𝑒𝑒 < 𝑉𝑉𝑛𝑛 ), the

failure mode was considered to be flexural failure. If the experimental maximum shear force
was approximately equal to the nominal shear capacity (𝑉𝑉𝑒𝑒 ≈ 𝑉𝑉𝑛𝑛 ), then the failure mode was

considered to be flexure-shear. If the experimental maximum shear force was larger than the

nominal shear capacity (𝑉𝑉𝑒𝑒 > 𝑉𝑉𝑛𝑛 ), the failure mode was considered to be a shear failure. The
theoretical calculations were carried out in this section to verify the observations of Section 3.3.
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The failure modes observed for all beams were in agreement with the predicted failure modes.
6.5.2

Effect of stirrup spacing on failure modes

The shear capacities of the GFRP-UHSC beams subjected to impact loading influenced their
failure modes, residual capacities, and residual deflections. In terms of the failure modes, it was
observed that the three beams with higher shear capacities (Beam 75-5.5, Beam 75-6, and Beam
75-6.5 with a stirrup spacing of 𝐷𝐷�4) failed in flexure or flexure-shear modes for the full range

of the input impact energies considered in this study. However, when the shear capacity of the
beams decreased (Beam 150-5.5, Beam 150-6, and Beam 150-6.5 with a stirrup spacing of 𝐷𝐷�2),

the beams failed in flexure-shear and shear modes. The higher shear capacities of the beams
resisted the development and propagation of dominant shear cracks during the impact.

In terms of the residual capacities of the beams, it was observed that beams with higher shear
capacities had higher post-impact residual capacities. Beams 75-5.5, 75-6, and 75-6.5 (stirrup
spacing of 𝐷𝐷�4) had residual capacities of 82%, 80%, and 75% of the load-carrying capacities,

respectively. Moreover, Beams 100-5.5, 100-6, and 100-6.5 (stirrup spacing of 𝐷𝐷�3) had
residual capacities of 81%, 68%, and 0% of the load-carrying capactieis, respectively. It was

observed that under the same input impact energy, beams with higher shear capacities had
higher residual capacities. Similarly, under the same input impact energy, beams with a stirrup
spacing of 𝐷𝐷�3 had higher residual capacities than beams with a stirrup spacing of 𝐷𝐷�2. The

same effect was observed for the residual deflections of the beams. Under the same input impact

energy, beams with a stirrup spacing of 𝐷𝐷�4 had lower residual deflections that beams with

stirrup spacing of 𝐷𝐷�3 and 𝐷𝐷�4.

Therefore, for an input impact energy up to 1.4E, the maximum allowed stirrup spacing (𝐷𝐷�2)

was sufficient to resist the impact and to achieve a residual capacity up to 76% of the loadcarrying capacity. It is noted, however, that an increase in the shear capacity from that
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recommended in ACI [27] and Australia [28] (from 𝐷𝐷�2 to 𝐷𝐷�3 or 𝐷𝐷�4) is advised to avoid shear
mode failure under low-velocity impact load. Moreover, an increase in the shear capacity is

also recommended to achieve medium damage (Section 3.1) and residual capacities up to 80%
of the load-carrying capacity.
For an input impact energy between 1.4EAC and 1.6EAC, an increase in the shear capacity
(from 𝐷𝐷�2 to 𝐷𝐷�3 or 𝐷𝐷�4) of the beam is required for the beam to resist the impact loads, avoid
shear mode failure, and have residual capacity up to 68% of the load-carrying capacity. It is
noted that for an input impact energy between 1.4EAC and 1.6EAC, an increase in the shear
capacity (stirrup spacing of 𝐷𝐷�4) is recommended for the beam to have medium damage and a

residual capacity up to 80% of the load-carrying capacity.

For an input impact energy higher than 1.6E, an increase in the shear capacity (from 𝐷𝐷�2 and
𝐷𝐷� to 𝐷𝐷� )
4
3

is recommended for the beam to avoid catastrophic failure and to achieve residual

capacity up to 75% of the load-carrying capacity. However, the damage of the beam was still
considered severe and a further increase in the shear capacity is required for the beam to achieve
a higher residual capacity.
6.5.3

Effect of the variability of the compressive strength of concrete on the failure modes

The nominal shear strength provided by concrete was discussed in Section 5.1. Increasing the
compressive strength of concrete increases the nominal shear strength provided by concrete.
For example, in the case of the beams tested in this study, had the target compressive strength
of concrete of 80 MPa been achieved, then the nominal shear strength provided by concrete
(𝑉𝑉𝑐𝑐 ) would have been equal to 22 kN. Since the compressive strength of concrete increases with
time, the achieved compressive strength of concrete was 118 MPa. Hence, the nominal shear
strength provided by concrete (𝑉𝑉𝑐𝑐 ) became 24.3 kN. The 11% increase in the nominal shear

strength (between 80 MPa and 118 MPa) provided additional resistance to the shear cracking
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under impact loads. The nominal section shear capacity (𝑉𝑉𝑛𝑛 ) was between 202 kN and 378 kN

(Table 6.3), depending on the stirrup spacing used. Therefore, the contribution of 𝑉𝑉𝑐𝑐 to 𝑉𝑉𝑛𝑛 was
between 6% and 12% and the increase in the compressive strength of concrete had a minor

effect on the total shear capacity (𝑉𝑉𝑛𝑛 ) of the section. However, the increase in the compressive
strength of concrete had a significant influence on the ratio of reinforcement �𝜌𝜌�𝜌𝜌𝑏𝑏 � of the beam.

According to ACI [27], to determine whether a GFRP-UHSC beam is under-reinforced,
balanced, or over-reinforced, the reinforcement ratio of the beam (𝜌𝜌) is divided by the balanced

reinforcement ratio (𝜌𝜌𝑏𝑏 ) of the beam. If the ratio 𝜌𝜌�𝜌𝜌𝑏𝑏 is under 1, the beam is under-reinforced.
If the ratio 𝜌𝜌�𝜌𝜌𝑏𝑏 is between 1 and 1.4, the beam is balanced. If the ratio 𝜌𝜌�𝜌𝜌𝑏𝑏 is over 1.4, the beam

is over-reinforced. Had the target compressive strength of concrete of 80 MPa been achieved,

then 𝜌𝜌�𝜌𝜌𝑏𝑏 would have been equal to 1.43, meaning the beams would have been at a borderline

between balanced and over-reinforced designs. However, the ratio 𝜌𝜌�𝜌𝜌𝑏𝑏 equals 0.97 for the

compressive strength of concrete of 118 MPa, meaning that the expected performance of the

beam has shifted from over-reinforced design to under-reinforced design. Therefore, since the
compressive strength of concrete increases with time, it is recommended to design the GFRPUHSC beams with a sufficient margin of safety over the ratio 𝜌𝜌�𝜌𝜌𝑏𝑏 to avoid the transition in the
failure modes of the beams from more ductile over-reinforced design to brittle under-reinforced
and balanced modes of failure. It is recommended to design GFRP-UHSC beams with the ratio
𝜌𝜌
�𝜌𝜌𝑏𝑏 larger than 2.0 to avoid a transition in the failure modes due to the increase in compressive

strength of concrete with time.

For the beam designs studied in this paper, the reinforcement comprised two 16 mm diameter
GFRP bars in tension. If the beams had been designed with three 16 mm diameter GFRP bars
in tension (assuming 80 MPa concrete strength), the ratio of reinforcement 𝜌𝜌�𝜌𝜌𝑏𝑏 would have

been 2.04 > 2.0. This would have prevented some beams in this study from transitioning from
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an over-reinforced design to an under-reinforced design as the compressive strength of concrete
increased over time. It is noted that for the actual concrete strength of 118 MPa in this study,
the beam designs with three 16 mm bars in tension would have produced the reinforcement
ratio 𝜌𝜌�𝜌𝜌𝑏𝑏 of 1.44 > 1.4, which is an over-reinforced design of the beam.
6.6

Conclusions

In this paper, a damage assessment of GFRP-UHSC beams was carried out under overloading
impact conditions by conducting a series of experimental tests. Nine impact load tests were
carried out to investigate the influence of the shear capacity and the input impact energy on the
behavior of GFRP-UHSC under overloading impact conditions. The overloading impact
condition is defined as the input impact energy larger than the quasi-static energy absorption
capacity of the beam. After low-velocity impact, residual capacities of the beams were
measured to determine the level of their damage. Based on the experimental investigations, the
following conclusions can be drawn:
1. The shear capacities of the GFRP-UHSC beams significantly influenced the failure modes
of the beams under overloading impact conditions. Beams with higher shear capacities failed
in flexure and flexure-shear modes, whereas beams with lower shear capacities failed in
dominant shear and flexure-shear modes under similar impact loading conditions.
2. It was observed that under input impact energies higher than the quasi-static energy
absorption capacity of a beam, EAC, increasing the shear capacities of the beams from ACI [27]
recommendations was necessary to resist brittle failure. For input impact energies up to 1.4EAC,
a stirrup spacing of 𝐷𝐷�2 (D is the beam depth) was sufficient to resist the overloading impact

conditions. For input impact energies between 1.4EAC and 1.6EAC, a stirrup spacing of 𝐷𝐷�3 is

required for the beam to avoid catastrophic failure and resist the overloading impact conditions.
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Moreover, for input impact energies higher than 1.6EAC, a stirrup spacing of 𝐷𝐷�4 is

recommended for the beam to resist the overloading impact conditions.

3. Based on the experimental observations, a damage classification system depending on the
residual capacities of the GFRP-UHSC beams was introduced. If the residual capacity was
higher than 0.9EAC, the damage was considered Minor. If the residual capacity was between
0.8EAC and 0.9EAC, the damage was considered Medium. If the residual capacity was lower
than 0.8EAC, the damage was considered Severe.
4. The transition in failure modes from initially designed over-reinforced to balanced or underreinforced may occur due to the increase in compressive strength of concrete over time for
beams designed with the ratio 𝜌𝜌�𝜌𝜌𝑏𝑏 just over 1.4 as per code recommendations [27]. Therefore,

it is recommended to design GFRP-UHSC beams with the ratio 𝜌𝜌�𝜌𝜌𝑏𝑏 larger than 2 to avoid the

shift from quasi-ductile to brittle failure modes due to variations in concrete strength.
References

[1] Adam MA, Said M, Mahmoud AA, Shanour AS. Analytical and experimental flexural
behavior of concrete beams reinforced with glass fiber reinforced polymers bars. Construction
and Building Materials. 2015;84:354-66.
[2] Alsayed SH. Flexural behaviour of concrete beams reinforced with GFRP bars. Cement &
Concrete Composites. 1998;20:1-11.
[3] Ashour AF. Flexural and shear capacities of concrete beams reinforced with GFRP bars.
Construction and Building Materials. 2006;20:1005-15.
[4] Barris C, Torres L, Turon A, Baena M, Catalan A. An experimental study of the flexural
behaviour of GFRP RC beams and comparison with prediction models. Compos Struct.
2009;91:286-95.
[5] El-Mogy M, El-Ragaby A, El-Salakawy E. Effect of Transverse Reinforcement on the
195

Flexural Behavior of Continuous Concrete Beams Reinforced with FRP. J Compos Constr.
2011;15:672-81.
[6] El-Nemr A, Ahmed EA, Benmokrane B. Flexural Behavior and Serviceability of Normaland High-Strength Concrete Beams Reinforced with Glass Fiber-Reinforced Polymer Bars. Aci
Structural Journal. 2013;110:1077-87.
[7] Kalpana VG, Subramanian K. Behavior of concrete beams reinforced with GFRP BARS.
Journal of Reinforced Plastics and Composites. 2011;30:1915-22.
[8] Karim H, Sheikh MN, Hadi MNS. Longitudinal Reinforcement Limits for Fiber-Reinforced
Polymer Reinforced Concrete Members. Aci Structural Journal. 2017;114:687-96.
[9] Saleh Z, Sheikh MN, Remennikov AM, Basu A. Numerical investigations on the flexural
behavior of GFRP-RC beams under monotonic loads. Structures. 2019;20:255-67.
[10] Goldston M, Remennikov A, Sheikh MN. Experimental investigation of the behaviour of
concrete beams reinforced with GFRP bars under static and impact loading. Engineering
Structures. 2016;113:220-32.
[11] Wang W, Sheikh MN, Hadi MN, Gao D, Chen G. Behaviour of concrete-encased concretefilled FRP tube (CCFT) columns under axial compression. Engineering Structures.
2017;147:256-68.
[12] Saleh Z, Goldston M, Remennikov AM, Sheikh MN. Flexural design of GFRP bar
reinforced concrete beams: An appraisal of code recommendations. Journal of Building
Engineering. 2019:100794.
[13] El-Nemr A, Ahmed EA, El-Safty A, Benmokrane B. Evaluation of the flexural strength
and serviceability of concrete beams reinforced with different types of GFRP bars. Engineering
Structures. 2018;173:606-19.
[14] Focacci F, Nanni A, Bakis CE. Local bond-slip relationship for FRP reinforcement in
concrete. J Compos Constr. 2000;4:24-31.
196

[15] Gravina RJ, Smith ST. Flexural behaviour of indeterminate concrete beams reinforced with
FRP bars. Engineering Structures. 2008;30:2370-80.
[16] Fang Z, Zhang K, Tu B. Experimental investigation of a bond-type anchorage system for
multiple FRP tendons. Engineering Structures. 2013;57:364-73.
[17] Benmokrane B, Chaallal O, Masmoudi R. Glass fibre reinforced plastic (GFRP) rebars for
concrete structures. Construction and Building Materials. 1995;9:353-64.
[18] Rolland A, Quiertant M, Khadour A, Chataigner S, Benzarti K, Argoul P. Experimental
investigations on the bond behavior between concrete and FRP reinforcing bars. Construction
and Building Materials. 2018;173:136-48.
[19] Smith ST, Teng JG. FRP-strengthened RC beams. I: review of debonding strength models.
Engineering Structures. 2002;24:385-95.
[20] Smith ST, Teng JG. FRP-strengthened RC beams. II: assessment of debonding strength
models. Engineering Structures. 2002;24:397-417.
[21] Theriault M, Benmokrane B. Effects of FRP reinforcement ratio and concrete strength on
flexural behavior of concrete beams. J Compos Constr. 1998;2:7-16.
[22] Vincent T, Ozbakkaloglu T. Influence of concrete strength and confinement method on
axial compressive behavior of FRP confined high-and ultra high-strength concrete. Composites
Part B: Engineering. 2013;50:413-28.
[23] Faza S, GangaRao H. Glass FRP reinforcing bars for concrete. Fiber reinforced (FRP)
reinforcement for concrete structures: properties and applications In: Developments in civil
engineering. 1993;42:167-88.
[24] Nanni A. Flexural behavior and design of RC members using FRP reinforcement. Journal
of structural engineering. 1993;119:3344-59.
[25] Yost JR, Gross SP. Flexural design methodology for concrete beams reinforced with fiberreinforced polymers. Structural Journal. 2002;99:308-16.
197

[26] Idris Y, Ozbakkaloglu T. Flexural behavior of FRP-HSC-steel composite beams. ThinWalled Struct. 2014;80:207-16.
[27] ACI. Guide for the Design and Construction of Structural Concrete Reinforced with FiberReinforced Polymer (FRP) Bars (ACI 440.1R-15). Farmington Hills, MI 48331: American
Concrete Institute; 2015.
[28] Australia S. Methods of Testing Concrete - Compressive Strength Tests - Concrete, Mortar
and Grout Specimens. AS10129. Sydney, New South Wales, Australia: Standards Australia;
2014.
[29] Cladera A, Mari A. Experimental study on high-strength concrete beams failing in shear.
Engineering Structures. 2005;27:1519-27.
[30] El-Sayed AK, El-Salakawy EF, Benmokrane B. Shear capacity of high-strength concrete
beams reinforced with FRP bars. ACI Structural Journal. 2006;103:383.
[31] Johnson MK, Ramirez JA. Minimum shear reinforcement in beams with higher strength
concrete. Structural Journal. 1989;86:376-82.
[32] Pendyala RS, Mendis P. Experimental study on shear strength of high-strength concrete
beams. Structural Journal. 2000;97:564-71.
[33] Yoon YS, Cook WD, Mitchell D. Minimum shear reinforcement in normal, medium, and
high-strength concrete beams. ACI Structural journal. 1996;93:576-84.
[34] Hughes B, AI-Dafiry H. Impact energy absorption at contact zone and supports of
reinforced plain and fibrous concrete beams. Construction and Building Materials. 1995;9:23944.
[35] Pham TM, Hao H. Impact Behavior of FRP-Strengthened RC Beams without Stirrups. J
Compos Constr. 2016;20:04016011.
[36] Pham TM, Hao H. Review of Concrete Structures Strengthened with FRP Against Impact
Loading. Structures. 2016;7:59-70.
198

[37] Goldston M, Remennikov A, Sheikh MN. Flexural behaviour of GFRP reinforced high
strength and ultra high strength concrete beams. Construction and Building Materials.
2017;131:606-17.
[38] Adhikary SD, Li B, Fujikake K. Dynamic behavior of reinforced concrete beams under
varying rates of concentrated loading. International Journal of Impact Engineering.
2012;47:24-38.
[39] Adhikary SD, Li B, Fujikake K. Residual resistance of impact-damaged reinforced
concrete beams. 2014.
[40] Goldston MW, Remennikov A, Sheikh MN. Flexural behaviour of GFRP reinforced high
strength and ultra high strength concrete beams. Construction and Building Materials.
2017;131:606-17.
[41] Saatci S, Vecchio FJ. Effects of Shear Mechanisms on Impact Behavior of Reinforced
Concrete Beams. ACI Structural Journal. 2009;106:78-86.
[42] Fujikake K, Li B, Soeun S. Impact Response of Reinforced Concrete Beam and Its
Analytical Evaluation. Journal of Structural Engineering. 2009;135:938-50.
[43] Tachibana S, Masuya H, Nakamura S. Performance based design of reinforced concrete
beams under impact. Nat Hazards Earth Syst Sci. 2010;10:1069-7

199

7

Chapter Seven: Numerical Investigations on the Failure Modes of
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Preamble
In the previous two chapters, the behavior of Glass Fiber-Reinforced Polymer bar reinforced
concrete (GFRP-RC) beams under overloading impact conditions was experimentally
investigated. In this chapter, the influence of the input impact energies on the behavior of
GFRP-RC beams subjected to low-velocity impact loads was investigated. The experimental
results from the previous chapters were used to develop and calibrate a numerical model that
can accurately capture the behavior of the GFRP-RC beams under overloading impact
conditions. After the numerical model was calibrated, a parametric study was carried out to
investigate the influence of the impact mass, impact velocity, and impact energy on the behavior
of GFRP-RC beams under low-velocity impact loads.
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Abstract
This paper numerically investigates the failure modes of the Glass Fibre Reinforced Polymer (GFRP)
reinforced concrete beams under various input impact energies. A three-dimensional finite element
model was developed and validated against the experimental results of the GFRP bar reinforced
concrete (GFRP-RC) beams under low-velocity impact loads. The numerical model was calibrated
against the results of previously tested GFRP-RC beams. To investigate the capability of the
numerical model to capture the behavior of the GFRP-RC beams under various input impact energies,
three increasing input impact energies were subjected to the beams. It was found that the numerical
model can accurately capture the influence of the input impact energies on the failure modes, midspan
deflection histories, dynamic forces, and dynamic strains in the GFRP bars. After the successful
validation of the finite element model, a parametric study was carried out to investigate the influence
of the longitudinal reinforcement ratio, compressive strength of concrete, and impact mass and
velocity under a fixed impact energy on the behavior of GFRP-RC beams under low-velocity impact
loads. It was found that as the impact velocity increased and impact mass decreased, the flexure and
flexural-shear cracks became less dominant and the shear cracks became more dominant.

7.1

Introduction

Reinforced Concrete (RC) structures are widespread across the world. During the lifespan of these
structures, they may be exposed to dynamic loads such as earthquakes, impact loads, and blast loads.
Impact loads may result from vehicle crash, missile impact, or fall of heavy objects. Impact loads are
characterized by a high load intensity over a short period of time (few milliseconds). With the absence
of design guidelines for RC structures under impact loads, these structures can fail catastrophically
due to impact loads [1-3]. Critical structures such as nuclear plants, bridges, and government
buildings need to be reinforced against impact loads to prevent the catastrophic failure of these
structures. During the last two decades, significant amount of research has been carried out to
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investigate the behavior of steel bar RC beams (Steel-RC beams) under impact loads [1-7]. In
particular, the influence of the input impact energy and shear capacity on the behavior of Steel-RC
beams has been an important area of research due to the significant influence of these two parameters
on the failure modes of the RC beams [2, 8, 9]. However, only a few studies investigated the impact
response of Steel-RC beams under a wide range of input impact energies [1, 4, 5, 8, 10]. It was found
that the impact mass and velocity significantly influence the behavior of Steel-RC beams under lowvelocity impact loads [1, 2].
Fiber-Reinforced Polymer (FRP) bars have recently emerged as suitable replacement for steel bars in
Steel-RC beams. The FRP bars have many advantages over the steel bars including the higher
strength, lower weight, non-corrosiveness, and non-conductivity. The FRP applications are many,
including being used as internal reinforcement [11-14] or retrofitting material [15-17]. The bond
characteristics of the FRP bars have been extensively investigated in the literature [18-21]. Due to the
lower modulus of elasticity of the GFRP bars compared to the steel bars, the GFRP-RC beams
undergo larger deflections than the Steel-RC beams. The GFRP bars do not have a clear yield point.
Therefore, a different design approach [22-25] is adopted to ensure ductility of the GFRP-RC beams.
The flexural behavior of GFRP-RC beams under quasi-static loads has been thoroughly investigated
in the literature [26-33]. However, only a few studies investigated the behavior of GFRP-RC beams
under low-velocity impact loads [12, 34-36]. Moreover, no study has yet investigated the influence
of the impact mass and velocity on the failure modes of the Glass Fiber-Reinforced Polymer bar
reinforced concrete (GFRP-RC) beams under low-velocity impact loads.
The experimental investigations of GFRP-RC beams under low-velocity impact loads can be time
and cost expensive. The finite element method has been used as an efficient way to replicate the
behavior of Steel-RC beams [3, 37-42] and GFRP-RC beams [36] under low-velocity impact loads.
The finite element code LS-DYNA [43, 44] has been extensively used in the literature to model the
behavior of concrete under low-velocity impact loads due to its comprehensive material library,
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efficient dynamic solver, and its ability to capture the complex non-linear behavior of concrete under
low-velocity impact loads. Till this date, there are no numerical studies that investigate the influence
of the shear reinforcement on the failure modes of GFRP-RC beams under low-velocity impact loads.
Also, there are no studies that investigate the influence of the impact velocity and impact mass on the
behavior of GFRP-RC beams under low-velocity impact loads.
In this study, a three dimensional (3D) finite element model was created to simulate the behavior of
GFRP-RC beams under low-velocity impact loads. The influence of the input impact energy and
shear capacity on the behavior of the GFRP-RC beams under low-velocity impact loads was
investigated. After the calibration of the finite element model against the experimental results in Saleh
et al. [45], a parametric study was carried out to investigate the influence of the impact velocity and
impact mass on the behavior of GFRP-RC beams under low-velocity impact loads.
7.2

Experimental investigations

This section includes a brief description of the experimental investigations carried out by the authors
[45] on nine GFRP-RC beams under low-velocity impact loads. The information presented in this
section is necessary for the development and calibration of the numerical model.
7.2.1

Details of the beams tested

The experimental program in [45] comprised nine GFRP-RC beams tested under low-velocity impact
loads. Fig 7.1 presents the details of the beams tested. As shown in Fig 7.1, all the beams were 200
mm in width, 300 mm in height, and 2400 mm in length with a 200 mm overhang from each side.
The clear concrete cover was 25 mm from the top, bottom, and sides of the beam. The steel supports
used were pin and roller. The beams were designed in accordance with ACI [25]. According to ACI
[25], all the beams were over-reinforced. All the GFRP-RC beams were reinforced with longitudinal
deformed GFRP bars of 16 mm diameter. Two bars were placed in the tension and two similar bars
were placed in compression. Moreover, 12 mm GFRP bars were used as shear reinforcement for all
the GFRP-RC beams. In order to study the influence of the shear capacity, the spacing of the shear
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reinforcement varied for the nine beams tested. The shear reinforcement spacing of the first set of
three beams was 150 mm or 𝐷𝐷�2, where D is the beam depth. The shear reinforcement spacing of the
second set of three beams was 100 mm or 𝐷𝐷�3. The shear reinforcement spacing of the third set of

three beams was 75 mm or 𝐷𝐷�4.

Fig 7.1. Details of the tested GFRP-RC beams

7.2.2

Preliminary material testing

The results of the preliminary material testing will be used as input parameters for the numerical
model. The preliminary testing was carried out to determine the input parameters of concrete, GFRP
bars, and bond-slip behavior of the GFRP bars.
In order to determine the compressive strength of concrete, three concrete cylinders were tested each
at 28 days, the first day of testing (day 41), and the last day of testing (day 56), respectively. The
average compressive strength of concrete at 28 days was 52.5 MPa. The average compressive strength
of concrete during testing was 59.3 MPa. Therefore, the compressive strength of concrete used in the
numerical investigations was 59.3 MPa. The concrete material model chosen in this study also
requires input parameters of the tensile strength of concrete and the initial tangent modulus. The
Brazilian test and triaxial tests were carried out to determine the tensile strength and initial tangent
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modulus of concrete, respectively. The tensile strength was determined as 4.7 MPa. The initial tangent
modulus was determined as 38.4 GPa. The maximum aggregate size used was 8 mm.
In order to determine the properties of the GFRP bars used, tensile tests were carried out on five
GFRP bars of diameter 16 mm. The INSTRON tensile machine was used for the tensile tests carried
out. Fig 7.2 presents the stress-strain curves of the five GFRP bars tested. The average ultimate
strength of these bars was 957 MPa. The average modulus of elasticity of these bars was 47.1 GPa.
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Fig 7.2. Stress-strain curves of the GFRP bars tested

Furthermore, in order to determine the bond characteristics of the 16 mm GFRP bars used as
longitudinal reinforcement in tension and compression, four GFRP-RC specimens were tested
according to RILEM [46] (Fig 7.3). The specimens were made of two parts separated by a distance
of 50 mm. Each part of the specimens was 100 mm in width, 180 mm in depth, and 375 mm in length.
The embedment length used was six times the bar diameter according to Yan et al. [47], as it provides
a desirable failure. As shown in Fig 7.3, a deflection controlled four-point load was applied to the
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specimens at a rate of 1 mm/min. The LVDTs were connected to both sides of the specimens to
measure the slip in the GFRP bar. Moreover, a strain gauge was connected to the GFRP bar to measure
the strain. Fig 7.4 presents the bond stress versus slip curves of the four GFRP bars tested. The values
of the bond characteristics required for the numerical model included the maximum bond stress, slip
at maximum bond stress, and exponential decay of the bond. The average values of the maximum
bond stress, slip at maximum bond stress, and exponential decay of the bond that were used as input
parameters for the bond-slip model were 30.2 MPa, 0.97 mm, and 0.13, respectively.

Fig 7.3. Bond-slip beam test of the longitudinal 16 mm GFRP bars
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7.2.3

Testing procedure

For purposes of the calibration of the numerical model, a brief description of the geometry, boundary
conditions, and loading conditions is provided. The weight of the drop hammer (impact mass) was
600 kg. The 300 mm diameter flat impactor was made of steel and impacted the beam at its midspan.
Fig 7.5 presents the impact loads test set-up. Steel frames were used to prevent the uplift of the beams
during the impact. The nine GFRP-RC beams were divided into three groups, each group containing
one beam with shear reinforcement spaced at 150 mm, one beam with shear reinforcement spaced at
100 mm, and one beam with shear reinforcement spaced at 75 mm. Group one was subjected to a
drop velocity of 5.5 m/s. Groups two and three were subjected to impact velocities of 6.5 m/s and 7.5
m/s, respectively. The beams were referred to by the letter “I” representing impact loads test. The
letter was followed by two numbers indicating the shear reinforcement spacing and impact velocities,
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respectively. For example, Beam I-150-6.5 represents the GFRP-RC beam with 150 mm shear
reinforcement tested under an impact velocity of 6.5 m/s.

Fig 7.5. Impact loads test set-up
7.3

Numerical investigations

Among the available tools used to model the complex behavior of concrete under low-velocity impact
loads, LS-DYNA [43, 44] was chosen for this study due to its comprehensive material library,
efficient dynamic solver, and its ability to capture the complex non-linear behavior of concrete under
low-velocity impact loads. A 3D finite element model was created and calibrated against the
experimental results to replicate the behavior of the GFRP-RC beams under low-velocity impact
loads. The material models, bond-slip model, contact and boundary conditions, and structural
geometry were carefully selected to calibrate the numerical model against the experimental results.
7.4
7.4.1

Modelling of materials
Concrete

To model the behavior of concrete under low-velocity impact loads, LS-DYNA offers a few concrete
models with the ability to replicate the response of concrete based on a small number of input
209

parameters [43, 44]. The available models used to capture the behavior of concrete under low-velocity
impact loads include the Winfrith concrete model, damage model, and continuous surface cap model.
The Winfrith concrete model was developed by Broadhouse and Neilson [48, 49]. This concrete
model was specifically designed to capture the complex behavior of concrete under dynamic loads.
The Winfrith concrete model has been validated against several blast and impact tests [49]. The
advantages of using the Winfrith concrete model include the small number of input parameters such
as the compressive strength of concrete, tensile strength of concrete, density, Poisson’s ratio, and
aggregate size, which can be determined by performing simple laboratory tests. This concrete model
has been extensively validated against experiments on RC structures under impact loads [37, 50, 51].
Also, the Winfrith concrete model was chosen in this study due to its ability to generate automatic
crack algorithms. The crack algorithms can be generated in a separate file to accurately analyze the
failure modes of the structures. This concrete model offers the user the ability to include strain rate
effects under dynamic loads. The input parameter values of this concrete model were determined after
conducting the suitable tests on concrete (presented in the preliminary material testing section.
7.4.2

GFRP bars

To model the GFRP bars, used as longitudinal reinforcement and stirrups, Piecewise Linear Plasticity
model [43, 44] was chosen. The GFRP bars behave elastically until failure. The Piecewise Linear
Plasticity model can be modified, by inputting suitable parameters, to replicate the linear elastic
behavior of the GFRP bars. The modulus of elasticity of the material model is chosen as the average
modulus of elasticity of the GFRP bars tested. The yield stress of the material model was chosen as
the ultimate stress (ultimate strength) of the GFRP bars. No strain hardening was entered for this
material model, which allows the stress-strain curve of this material model to behave in an elasticperfect-plastic way. Then, the rupture strain of the material model is set to a very small number (1010

), which allows the modelled GFRP bars to rupture when the plastic state is reached. This approach

has been successfully used to replicate the linear elastic behavior of the GFRP bars [26, 36]. The
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input parameters of this material model are the density, Poisson’s ratio, modulus of elasticity, yield
stress, and plastic strain failure. The values of the input parameters were those of the tensile tests
(presented in the preliminary material testing section). By analyzing the readings of the strain gauges
attached to the midspan of the GFRP bars, it was found that the maximum strain rate in the GFRP
bars was 6 s-1. Several studies [52, 53] were carried out to investigate the influence of the strain rate
on the ultimate stress and modulus of elasticity of the GFRP bars. It was assumed that for a strain rate
of 6 s-1, the influence of the strain rate on the ultimate stress and modulus of elasticity of the GFRP
bars is negligible.
7.4.3

Supports and drop hammer

The supports and drop hammer were both made of steel and did not deform during the impact.
Therefore, the model chosen for the supports and the drop hammer was the “Rigid model”. Since the
supports in the experiment were made of steel, the values of the input parameters for this model were
those of steel.
7.4.4

Bond-slip model

The bond between the GFRP bars and concrete was modelled using a one-dimensional contact model
found in LS-DYNA. This one dimensional contact model allows a set of the reinforcement nodes
(slave) to slide along a set of the concrete nodes (master) using fictitious springs between those
duplicate nodes. This approach has been used successfully in the literature [54-56] to model the bondslip behavior between GFRP bars and concrete. The bond stress – slip relationship of this onedimensional contact model can be represented in Eq.1:
𝝉𝝉 = �

𝑮𝑮𝒔𝒔 𝒔𝒔,
𝝉𝝉𝒎𝒎𝒎𝒎𝒎𝒎 𝒆𝒆−𝒉𝒉𝒉𝒉 ,

𝒔𝒔 ≤ 𝒔𝒔𝒎𝒎𝒎𝒎𝒎𝒎
𝒔𝒔 > 𝒔𝒔𝒎𝒎𝒎𝒎𝒎𝒎

(1)

where 𝜏𝜏 is the bond stress of the GFRP bars (in MPa), 𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum bond stress of the GFRP

bars (in MPa), 𝐺𝐺𝑠𝑠 is the bond modulus (in MPa/mm), 𝑠𝑠 is elastic slip (in mm), 𝑠𝑠𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum

elastic slip (in mm), and ℎ𝐷𝐷 is the exponential decay of the bond. To use this contact model, the nodes
211

of the master (concrete) and slave (reinforcement) need to be assigned. The input parameters of this
model are the maximum bond stress, slip at maximum stress, and the decay of the bond after reaching
the maximum stress. To determine the input parameters of this model, bond-slip beam tests (Fig. 3)
were carried out in accordance with RILEM [46]. Four GFRP bars were tested to determine the bond
stress versus slip curve of the bars. The results of the bond-slip tests were presented in the Fig 7.4.
The input parameters of this model can be determined by carrying out bond-slip tests on the GFRP
bars. The maximum bond stress and slip at maximum bond stress were identified from Fig 7.4. The
exponential decay of the bond was approximated using an exponential trendline for the decaying part
of the bond stress versus slip curve.
7.4.5

Contact and boundary conditions

To model the contact between the impactor, beam, and supports, LS-DYNA offers several
formulations. The automatic contact function was chosen in this study, which is an element-toelement contact function that uses a master and a slave approach to model the contact between the
elements. The selection of the master and slave in the automatic contact function depends on the
elements. In this study, the slave element was chosen as the penetrator and the master element was
chosen as the element penetrated. In the case of the contact between the GFRP-RC beam and the drop
hammer, the beam was selected as the master and the drop hammer as the slave, whereas in the case
of the contact between the beam and the supports, the supports were selected as the master and the
beam as the slave.
To replicate the experimental boundary conditions, the beam was restrained from the vertical lift after
the impact by applying nodal restraints to the beam in the area where the steel braces were used. To
take advantage of the symmetry conditions, only a quarter of the model was simulated after applying
suitable boundary conditions for symmetry. The impact velocity of the drop hammer was replicated
by applying nodal velocities to the drop hammer. The self-weight of the drop hammer and the beam
were also taken into account in this study. Furthermore, viscous damping offered by LS-DYNA was
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applied in this study to prevent spurious oscillation at the contact surfaces.
7.4.6

Structural geometry

To replicate the experimental conditions, a 3D finite element model was created including the GFRPRC beam, drop hammer, and supports. Fig 7.6 presents the 3D model of the GFRP-RC beam under
low-velocity impact loads. To represent the concrete, drop hammer, and supports, eight-node solid
hexahedron elements with a one-point integration were used. The purpose of using a one-point
integration is to save computational time by creating less stiff elements. However, a major
disadvantage of using one-point integration is the hourglass effect (zero energy effect). The hourglass
effect causes instabilities in the solution. To minimize the hourglass effect, Flanagan-Belytschklo
hourglass control was chosen for the solid elements. To represent the GFRP bars, 2D Hughes-Liu
beam elements were used. The 2D Hughes-Liu beam elements can be connected to the nodes of the
3D solid elements representing concrete. To accurately represent the GFRP bars in the 2D beam
elements, the diameter of the bars is provided, which provides the section area of the GFRP bars.

Fig 7.6. 3D model the tested GFRP-RC beams
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To select the most efficient mesh size, a convergence study was carried out. Mesh sizes of 25
mm, 20 mm, 15 mm, 10 mm, and 5 mm were investigated. The numerical and experimental
maximum midspan deflections for the five mesh sizes were compared to determine the
influence of the mesh size on the accuracy of the results. Table 7.1 presents the time taken (in
minutes) to run the simulation and the ratio of the numerical to experimental results for the five
mesh sizes chosen. It was found that the most efficient mesh size was 10 mm. Any decrease in
the mesh size below 10 mm led to a significant increase in the computational time (41%) with
a minor increase (1%) in the accuracy of the results.
Table 7.1: Mesh size convergence study
Mesh size
(mm)
25
20
15
10
5

7.5

Time taken to run
the simulation
(mins)
9.8
11.2
14.6
16.2
22.8

Numerical/experimental
maximum midspan
deflection
0.71
0.82
0.93
0.97
0.98

Validation of the numerical model

To validate the numerical model, the results of the numerical investigations were compared
with the results of the experimental investigations. The comparisons were carried out in terms
of the failure modes, midspan deflection histories, impact loads, reaction forces, and dynamic
strains at the midspan of the GFRP bars.
Fig 7.7 presents the numerical and experimental failure modes of the tested beams. The highspeed video recording of Beam I-100-7.5 was not captured due to a technical difficulty.
Therefore, the failure mode of Beam I-100-7.5 was not presented. When the GFRP-RC beams
started deflecting, flexural cracks were observed at the midspan of the all the beams. As the
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beams continued deflecting, all the GFRP-RC beams, regardless of their shear capacities,
developed shear cracks. Flexural and shear cracks were observed in all the beams modelled.
The flexural cracks were observed at the midspan of the beams, whereas the shear cracks were
observed propagating at 45 degrees towards the impact zone. For the GFRP-RC beams having
the same shear capacity (i.e.; Beams I-75-5.5, I-75-6.5, and I-75-7.5) an increase in the impact
energy led to an increase in the damage that the beams sustained. When the impact energy
increased, more shear cracks were observed propagating in the beams. The number and widths
of cracks significantly increased as the impact energy increased. Beam I-75-7.5 developed more
severe damage and shear cracks than Beams I-75-6.5 and I-75-5.5. Beam I-150-7.5 collapsed
by GFRP bar rupture and was severely damaged. Also, local damage (concrete failing in
compression at the impact zone) was observed when the impact energy increased. For the
GFRP-RC beams belonging to the same group and subjected to the same impact energy (i.e.;
Beams I-75-5.5, I-100-5.5, and I-150-5.5), it was observed that as the shear capacity increased,
the damage decreased. Beam I-75-5.5 (shear spacing of or 𝐷𝐷�4) sustained more damage than

Beams I-100-5.5 and I-150-5.5 (shear spacing of or 𝐷𝐷�3 and or 𝐷𝐷�2, respectively). Also, it was

observed that the shear cracks in Beam I-75-5.5 were less dominant than the shear cracks in

Beams I-100-5.5 and I-150-5.5. The number and widths of the cracks significantly decreased
with an increase in the shear capacity of the beam. Therefore, the numerical model is in very
good agreement with the experimental results in terms of the failure mode and can accurately
capture the failure modes of the beams including failure by GFRP bar rupture.
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Fig 7.7. Numerical and experimental failure modes of the tested beams
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Fig 7.8 presents the numerical and experimental midspan deflection histories of the tested
beams. It is noted that the curve for Beam I-150-7.5 was not presented since the beam collapsed
by GFRP bar rupture and the midspan deflection curve was not recorded. All the numerical and
experimental midspan deflection curves were parabolic. The beams started deflecting from its
rest position (midspan deflection was zero) until reaching a maximum midspan deflection and
then rebounded back to the initial position at the end of impact. It was observed that an increase
in the impact energy led to a significant increase in the maximum midspan deflections. When
the impact velocity was increased from 5.5 m/s to 6.5 m/s, the maximum midspan deflection
increased by 18%. It is noted that Beam I-150-6.5 was an outlier, where its maximum midspan
deflection was higher than the maximum midspan deflections of Beams I-100-6.5 and Beam
75-6.5 by almost 17%. This was attributed to a partial rupture in the GFRP bars that led to a
significantly higher deflection in the beam. Also, it was observed that for beams belonging to
the same group (subjected to the same impact energy), the maximum midspan deflections did
not vary significantly. The shear capacity did not play a major role in influencing the maximum
midspan deflection. For example, the maximum midspan deflections of Beams I-75-5.5, I-1005.5, and I-150-5.5 were 59.2 mm, 60.9 mm, and 61.4 mm, respectively. An increase in the shear
capacity from Beam I-150-5.5 (shear spacing of or 𝐷𝐷�2) to Beam I-75-5.5 (shear spacing of or
𝐷𝐷� )
4

only led to a 4% decrease in the maximum midspan deflection. It was observed that the

curves matched very well until the maximum midspan deflection. After that point, the
numerical curve had a sharper decline towards the end time of the impact. The average
experimental maximum midspan deflection value was 4% lower than the average numerical
maximum midspan deflection. This was largely influenced by Beam I-150-6.5, where the
numerical maximum midspan deflection was 16% lower than the maximum experimental
midspan deflection. The remaining numerical maximum midspan deflections were 2% higher
than the experimental maximum midspan deflection. The numerical time taken to reach the
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maximum midspan deflection was 11% higher than the experimental time taken to reach the
maximum midspan deflection. However, the numerical time taken to rebound to the initial
position was 7% higher than the experimental time taken to rebound to the initial position. The
numerical and experimental curves were in a very good agreement.
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Fig 7.8. Numerical and experimental midspan deflections of the tested beams
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Fig 7.9. Numerical and experimental impact loads of the tested beams
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Fig 7.10. Numerical and experimental reaction forces of the tested beams
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In terms of the impact load, Fig 7.9 presents the numerical and experimental impact loads. The
experimental impact load was measured using a high capacity load cell attached to the drop
hammer. During the first few milliseconds, a spike in the impact load takes place representing
the inertia loads. The experimental impact load started from zero and peaked at a maximum
(around 1200 kN) after 1 millisecond of the impact. The experimental impact load then dropped
to zero after 2 milliseconds of impact. The experimental impact load then increased again until
it reached a maximum (around 200 kN), where it fluctuated and dropped back to zero at the end
of impact (after 50 milliseconds of impact). The numerical impact load showed the same overall
behavior as the experimental impact load. The numerical impact load started increasing from
zero where it reached a maximum impact load and then dropped back to zero (this part
represented the inertia force). After the drop in the numerical impact load, the load then
increased again and fluctuated until decreasing to zero at the end of impact. It was observed
from Fig 7.9 that the experimental duration of the inertia load was larger than the numerical
duration of the inertia load. On average, the experimental duration of the inertia load was 2
milliseconds, whereas the numerical duration of the inertia load was 0.8 milliseconds. This
influenced the time when the maximum inertia force was measured. It was found in [45] that
during the first few milliseconds (5 ms in this study) of impact, the inertia force coincides with
the impact load. Therefore, in this study, the numerical maximum inertia force appeared at 0.5
ms instead of 1 ms. After the inertia stage at the beginning of the impact, the numerical impact
load drops back to zero till around 4 milliseconds and then increases again and fluctuates until
reaching a maximum at 20 milliseconds and then drops back to zero at the end of impact. The
average values of the maximum numerical impact load and maximum experimental impact load
(excluding the inertia part of the impact load) were 218 kN and 220 kN, respectively. It was
also found, numerically and experimentally, that when the shear capacity of the GFRP-RC
beam increases from 𝐷𝐷�2 to or 𝐷𝐷�4, the maximum impact load was not influenced by the increase
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in the shear capacity. The numerical and experimental impact loads were found to be in very
good agreement with each other.
In terms of the reaction force, Fig 7.10 presents the numerical and experimental reaction forces.
The experimental reaction force started from zero after 5 milliseconds. The 5 milliseconds delay
was due to the stress waves propagating through the beam from the impact zone to the supports.
A spike (with a value around 250 kN) was observed at the beginning of the reaction force that
lasted for 2 milliseconds. After the spike dropped, the reaction force increased to reach a
maximum (around 200 kN). The reaction force kept decreasing until it reached zero after 50
milliseconds of impact. It was observed after the inertia stage that the maximum impact load
(numerical and experimental) and maximum reaction force (numerical and experimental) had
similar values. The numerical reaction force behaved similar to the experimental reaction force.
The numerical reaction force was zero till around 5 milliseconds. After 5 milliseconds, a spike
was observed in the reaction force curves. The reaction force then dropped back to a value close
to zero. The reaction force then increased to reach a maximum (excluding the spike value) at
17 milliseconds and then dropped back to zero at the end of impact. The average value of the
maximum numerical reaction force at 17 milliseconds was 219 kN which was very close to the
maximum numerical impact load value (218 kN). The average value of the maximum numerical
reaction force was also very close to the average value of the maximum experimental reaction
force (210 kN). After carrying out the numerical investigation, it was found that the maximum
reaction force was influenced by the shear capacity. For GFRP-RC beams belonging to Group
1 (impact velocity of 5.5 m/s), an increase in the shear capacity of the beam from 𝐷𝐷�2 to or 𝐷𝐷�4,

led to a 12% increase in the maximum reaction force. For Group 2 and Group 3 beams, the
same increase in the shear capacity led to a 30% increase in the maximum reaction force.

Fig 7.11 presents the numerical and experimental dynamic strains at the midspan of the GFRP
bars. The experimental dynamic strains in the GFRP bars were measured at the midspan of the
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GFRP bars in the tensile reinforcement. The experimental dynamic strain in Beams I-75-7.5, I100-7.5, and I-150-7.5 were not captured due to the rupture of the strain gauges. The numerical
curves for Beams I-75-7.5, I-100-7.5, and I-150-7.5 were not presented. For the remaining
beams, the dynamic strain histories showed similar behavior. The strain the in the GFRP
reinforcement started from zero and increased to reach a maximum value (around 2%) when
the beam was at its maximum midspan deflection. The strain then dropped back to zero at the
end of the impact. The captured maximum dynamic strain in all the GFRP bars was less than
the rupture strain. The numerical dynamic strain curves showed the same behavior as the
experimental dynamic strain curves. It was observed from Fig 7.11 that the numerical dynamic
strain decreased prior to the experimental dynamic strain for all the beams. It was found that
the average numerical maximum dynamic strain was 5% higher than the average experimental
maximum dynamic strain at the midspan of the GFRP bars. Therefore, the experimental and
numerical graphs for the dynamic strain were in very good agreement.
Overall, the numerical and experimental results were in very good agreement. The numerical
model was able to capture the failure modes, midspan deflections, impact loads, reaction forces,
and dynamic strains.
7.6

Parametric study

After the successful calibration of the numerical model, a parametric study was carried out to
investigate the influence of the longitudinal reinforcement ratio, compressive strength of
concrete, impact mass, and impact velocity on the behavior of GFRP-RC beams under lowvelocity impact loads. The experimental and numerical investigations carried out to investigate
the influence of the longitudinal reinforcement ratio and compressive strength of concrete on
the behavior of GFRP-RC beams under low-velocity impact loads were limited to small-scale
GFRP-RC beams [12, 35, 36]. Moreover, the shear reinforcement of the GFRP-RC beams in
the previous studies was fabricated from steel instead of GFRP. No study has yet investigated
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the influence of the impact mass and velocity on the behavior of GFRP-RC beams under lowvelocity impact loads. In this parametric study, the numerical investigations were carried out
on large-scale GFRP-RC beams and the shear reinforcement was modelled using the properties
of the GFRP bars.
Five separate parametric studies were carried out to investigate the influence of the longitudinal
reinforcement ratio, compressive strength of concrete, impact mass, and impact velocity on the
impact response of GFRP-RC beams. All beams in the five studies were 200 mm in width, 300
mm in depth, and 2400 mm in length. To save computational time, only one-quarter of the beam
was modelled. The ultimate stress and modulus of elasticity of the GFRP bars used were 1000
MPa and 45 GPa. The diameter of the bars used was 16 mm. The shear reinforcement comprised
12 mm diameter GFRP bars spaced at 100 mm center-to-center which provided sufficient shear
reinforcement for the beams. The bond-slip properties of the bars were considered the same as
the experimental study. The bond stress, maximum slip, and damage coefficient were 22.3 MPa,
0.77 mm, and 0.13, respectively.
7.6.1

Influence of the longitudinal reinforcement ratio

The longitudinal reinforcement ratios of the beams in this parametric study were 0.5%, 1%,
1.5%, and 2%. The compressive strength of concrete of all beams was 50 MPa. The weight of
the drop hammer was 600 kg and impact velocity was 5.5 m/s for all the beams.
The GFRP-RC beam with a longitudinal reinforcement ratio of 0.5% was under-reinforced,
whereas the remaining beams were over-reinforced. The under-reinforced GFRP-RC beam
failed by GFRP bar rupture. The midspan deflection of the beam could not be captured. All the
remainder beams failed due to concrete crushing and showed similar crack patterns. It was
found that as the reinforcement ratio increased, the maximum midspan deflection significantly
decreased. An increase in the reinforcement from 1% to 2%, led to a 23% decrease in the
maximum midspan deflection. In terms of the impact load, the first maximum impact load was
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recorded during the first millisecond of impact, when the spike of the impact load takes place.
The second maximum impact load was recorded between t = 1 ms and t = 50 ms (end of impact).
The maximum impact load at t = 1 ms was not influenced by the longitudinal reinforcement
ratio. An increase in the reinforcement ratio from 0.5% to 2%, only led to a 2% increase in the
spike of the impact load at the beginning of the impact. However, for the second maximum in
the impact load that occurred between t = 15 ms and t = 25 ms, an increase in the reinforcement
ratio from 0.5% to 2% led to an increase in the maximum impact load of 200% (from 33 kN to
67 kN). Similarly, the reaction force had two peaks. The first peak occurred at t = 5 ms. During
the first peak, it was found that an increase in the reinforcement ratio from 0.5% to 1%, led to
a 16% increase in the maximum reaction force (from 140 kN to 163 kN). The second peak in
the reaction force was observed between t = 15 ms and t = 25 ms, when it was found that the
maximum reaction force increased by 24% (from 73 kN to 90 kN) when the reinforcement ratio
increased from 0.5% to 2%.
7.6.2

Influence of the compressive strength of concrete

The compressive strengths of concrete in this parametric study were 30, 40, 50, 60, and 70 MPa.
The longitudinal reinforcement was 1% which ensures that the beams are all over-reinforced.
The weight of the drop hammer was 600 kg and the impact velocity was 5.5 m/s for all the
beams.
The failure mode of the beams modelled in this study was not influenced by the compressive
strength of concrete. All the beams were over-reinforced and failed by concrete crushing. It was
found that the compressive strength of concrete had a significant influence on the maximum
impact load and reaction force of the beam. Moreover, an increase in the compressive strength
of concrete led to a decrease in the maximum midspan deflection. It was found that when the
compressive strength of concrete increased from 30 MPa to 70 MPa, the maximum midspan
deflection decreased by 10% (from 54 mm to 49 mm). The increase in the compressive strength
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of concrete had a more significant influence on the impact load and reaction force. An increase
in the compressive strength of concrete from 30 MPa to 70 MPa, led to a 30% increase in the
first peak of the impact load. This was attributed to the increase in the stiffness of the contact
area. Moreover, the second peak of the impact load increased by 21% as well. The maximum
reaction force was influenced the most by the increase in the compressive strength of concrete.
In addition, it was found that when the compressive strength of concrete increased from 30 MPa
to 70 MPa, the reaction force at the first peak and second peak increased by 55% and 86%,
respectively.
7.6.3

Influence of the impact mass

To study the influence of increasing the impact mass under a fixed impact velocity, five impact
masses were chosen for this study. The impact masses were 150 kg, 300 kg, 450 kg, 600 kg,
and 750 kg, respectively. The impact velocity was fixed at 6 m/s. Therefore, the input impact
energies that the beams were subjected to were 2700 J, 5400 J, 8100 J, 10 800 J, and 13 500 J,
respectively. The compressive strength of concrete of the GFRP-RC beams modelled was 40
MPa. The longitudinal reinforcement ratio of the GFRP-RC beams was 1%, which ensured an
over-reinforced design of the beams.
Fig 7.12 presents the damage of the GFRP-RC beams under a fixed impact velocity of 6 m/s
and increasing impact masses. It was found that when the impact mass increased, the failure
modes of the beams shifted from flexural failure to flexural-shear failure. Flexural cracks were
observed at a low impact mass Fig 7.12(a). As the impact mass increased, the shear cracks
became more dominant. The shear cracks were dominant in the beam at higher impact masses
(Fig 7.12(d) and Fig 7.12(e)). In addition, the maximum midspan deflection, impact force,
reaction force, and strain in the GFRP bars increased with an increase in the impact mass.
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(a)

(b)

(d)

(c)

(e)

Fig 7.12. Damage profile of the GFRP-RC beams under a fixed impact velocity and increasing impact mass: (a) 150 kg, (b) 300 kg, (c) 450 kg, (d) 600
kg, (e) 750 kg
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(e)

Fig 7.13. Damage profile of the GFRP-RC beams under a fixed impact mass and increasing impact velocities: (a) 2 m/s, (b) 4 m/s, (c) 6 m/s, (d) 8 m/s,
(e) 10 m/s
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7.6.4

Influence of the impact velocity

To study the influence of increasing the impact velocity under a fixed impact mass, five impact
velocities were chosen for this study. The GFRP-RC beams were subjected to impact velocities
of 2 m/s, 4 m/s, 6 m/s, 8 m/s, and 10 m/s, respectively. The impact mass was fixed at 600 kg.
Therefore, the input impact energies that the beams were subjected to were 1200 J, 4800 J, 7500
J, 19 200 J, and 30 000 J, respectively. The longitudinal reinforcement ratio and the compressive
strength of concrete of all the GFRP-RC beams modelled were 1% and 40 MPa, respectively.
Fig 7.13 presents the damage of the GFRP-RC beams under a fixed impact mass of 600 kg and
increasing impact velocities. It was observed that under a low impact velocity (Fig 7.13(a)),
only flexural cracks were observed in the beam. As the impact velocity increased, shear cracks
became more dominant in the beam. The GFRP-RC beams being subjected to impact velocities
of 8 m/s and 10 m/s failed by GFRP bar rupture (Fig 7.13(d) and Fig 7.13(e)). However,
significant increase in the number and widths of shear cracks was observed in these two beams
even when the failure was by GFRP bar rupture. In addition, it was observed that the maximum
midspan deflection, impact loads, reaction forces, and dynamic strains in the GFRP bars
increased with an increase in the impact velocity.
7.6.5

Influence of the variable impact mass and velocity under a fixed input impact energy

The impact mass and velocity that a structure may be subjected to could vary. A GFRP-RC
beam may be impacted by a large mass having a low velocity or by a low mass having a high
velocity. To study the influence of the impact velocity under the same input impact energy on
the behavior of GFRP-RC beams under impact loads, several impact velocities were applied to
the beams. The input impact energy was fixed at 9000 Joules. The impact velocities were 2 m/s,
4 m/s, 6 m/s, 8 m/s, and 10 m/s. The mass of the drop hammer was chosen so that the input
1

impact energy remains fixed at 9000 Joules. Since the input impact energy was 𝐸𝐸 = 2 𝑚𝑚𝑣𝑣 2
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according to the kinetic energy equation, then the mass can be calculated as 𝑚𝑚 =

2𝐸𝐸
𝑣𝑣 2

for the five

values of the impact velocity chosen in this parametric study. The compressive strength of
concrete was 50 MPa and the longitudinal reinforcement ratio was 1%.

Fig 7.14 presents the failure modes of the beams. It was observed that under an impact energy
of 9000 Joules, increasing the impact velocity led to smaller number of cracks and crack widths.
In Fig 7.14(a), where the impact velocity was 2 m/s and the impact mass was 4500 kg, the beam
failed by dominant shear cracks along with flexural-shear cracks propagating towards the
impact zone. The local damage at the impact zone was significant as well. When the impact
velocity was increased to 10 m/s and the impact mass was 182 kg (Fig 7.14(e)), the dominant
cracks observed were shear cracks propagating at 45 degrees towards the impact zone. It was
observed that as the impact velocity increased, the flexure and flexural-shear cracks became
less dominant and the shear cracks became more dominant.
The increase in the impact velocity, under a fixed impact energy, had a significant influence on
the maximum midspan deflection, maximum impact load, and maximum reaction force as well.
It was found that when the impact velocity increased from 2 m/s to 10 m/s (mass decreased
from 4500 kg to 182 kg), the maximum midspan deflection decreased by 40% (from 67.5 mm
to 40.5 mm). The time taken by the beam to reach the maximum midspan deflection decreased
by 50% as well. Moreover, the impact load at the first peak was significantly influenced by the
300% increase in the impact velocity (from 345 kN to 1050 kN). Moreover, it was found that
an increase in the impact velocity from 2 m/s to 10 m/s, led to an increase in the maximum
reaction at the first peak and second peak by 91% and 27%, respectively.
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(a)

(b)

(d)

(c)

(e)

Fig 7.14. Damage profile of the GFRP-RC beams under the same impact energy but various impact velocities: (a) 2 m/s, (b) 4 m/s, (c) 6 m/s, (d)
8 m/s, (e) 10 m/s
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7.7

Conclusions

In this paper, the impact response of the GFRP-RC beams under various input impact energies
was investigated by carrying out numerical investigations. A 3D finite element model was
developed to investigate the influence of the input impact energies on the failure modes,
midspan deflection, dynamic forces, and dynamic strains of the GFRP-RC beams under lowvelocity impact loads. After the successful validation of the 3D FE model, a parametric study
was carried out to investigate the influence of the longitudinal reinforcement, compressive
strength of concrete, and impact velocity and mass on the behavior of the GFRP-RC beams
under low-velocity impact loads. Based on the numerical results of this study, the following
conclusions were drawn:
1. The 3D finite element model can accurately capture the influence of the input impact
energies and shear reinforcement on the failure modes, midspan deflection histories, dynamic
forces, and dynamic strains in the GFRP bars. An increase in the input impact energy led to
more severe failure modes, higher midspan deflections and dynamic strains, and higher impact
and reaction forces.
2. It was found that an increase in the longitudinal reinforcement ratio from 0.5% to 1%, led to
a 23% decrease in the maximum midspan deflection, 200% increase in the maximum impact
load, and 24% increase in the maximum reaction force. Also, it was found that an increase in
the compressive strength of concrete from 30 MPa to 70 MPa, led to a 10% decrease in the
maximum midspan deflection, 30% increase in the impact load, and 86% increase in the
reaction force.
3. The failure modes of the GFRP-RC beams transitioned from flexural failure to flexural-shear
failure under a fixed impact velocity and increasing impact masses. The same transition in the
failure modes was observed under a fixed impact mass and increasing impact velocities.
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4. It was also found that under a fixed impact energy, a smaller impact velocity with a higher
impact mass led to severe failure of the beam of dominant flexural-shear and shear cracks.
Whereas, a higher impact velocity with a lower impact mass led to dominant shear cracks. It
was also found that the maximum midspan deflection decreased by 40%, impact load at the first
peak increased by 300%, and maximum reaction force increased by 27% when the impact
velocity increased from 2 m/s to 10 m/s.
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8

Chapter Eight: Summary, Conclusions, and Recommendations for
Future Research Studies

8.1

Summary

The main objective of this study was to investigate the behavior of the Glass Fiber-Reinforced
Polymer bar reinforced concrete (GFRP-RC) beams under overloading impact conditions. The
overload capability of a GFRP-RC beam was defined as its ability to resist impact loads higher
than the quasi-static energy absorption capacity of the beam. Three shear capacities were used
in this thesis to investigate the influence of the shear capacity on the behavior of the GFRP-RC
beams under overloading impact conditions. Three increasing input impact energies higher than
the quasi-static energy absorption capacities of the beams were applied to the GFRP-RC beams.
In total, ten the Glass Fiber-Reinforced Polymer bar Normal Strength Concrete (GFRP-NSC)
beams and ten the Glass Fiber-Reinforced Polymer bar Ultra-High-Strength Concrete (GFRPUHSC) beams were tested under overloading impact conditions at the high-capacity impact
testing facility at the University of Wollongong. The failure modes of the beams were discussed
in detail. The residual load-carrying capacities of the beams were also measured and the damage
levels of the beams was discussed. In addition, numerical studies were carried out to investigate
the behavior of the GFRP-RC beams under quasi-static monotonic loads and low-velocity
impact loads. The 3D finite element models created were validated against the experimental
results of the GFRP-RC beams tested at the University of Wollongong. After the validation of
the numerical models, parametric studies were carried out to investigate the influence of various
parameters on the behavior of the GFRP-RC under quasi-static and impact loads.
The experimental and numerical studies carried out in this thesis were used to the compare the
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predictions of the design codes with the experimental results. Moreover, the influence of the
shear capacities on the failure modes of the GFRP-RC beams was discussed and
recommendations for the design of impact resistant GFRP-RC beams were presented. Also, a
damage classification system based on the residual load-carrying capacities of the GFRP-RC
beams was presented and used to classify the beams.
8.2

Conclusions

Based on the experimental and numerical investigations, the following conclusions can be
drawn:
1. Design recommendations for GFRP-RC beams provided in ACI (2015) and CSA (2012)
were found to be conservative and the codes under-predicted the response of the GFRP-RC
beams in terms of the ultimate loads, midspan deflections at ultimate loads, and Energy
Absorption Capacity (EAC) for the over-reinforced beams. ACI (2015) and CSA (2012) overpredicted the response of the under-reinforced and balanced GFRP-RC beams.
2. ACI (2015) predicted higher nominal loads, midspan deflections at nominal loads, and EAC
than CSA (2012) by a range between 20% and 43%. The CSA (2012) was more conservative
in the predictions of the nominal loads, midspan deflections at nominal loads, and EAC than
ACI (2015). Moreover, ACI (2015) predicted values that were closer to the experimental results
than CSA (2012).
3. Under quasi-static loads, the GFRP-RC beams with reinforcement ratio of 0.5% experienced
brittle failure modes due to GFRP bar rupture. Increasing the reinforcement ratio from 0.5% to
1% leads to a 67% increase in the ultimate load, 48% increase in the EAC, and a 27% decrease
in the midspan deflection of the GFRP-RC beams due to the change in failure modes from
GFRP bar rupture to concrete crushing. Moreover, the highest EAC were observed for
reinforcement ratios between 1% and 1.5%.
4. Under quasi-static loads, increasing the modulus of elasticity of the GFRP bars (from 30
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GPa to 80 GPa) leads to a 48.4% decrease in the midspan deflection and a 43.6% decrease in
the EAC of GFRP-RC beams. Increasing the modulus of elasticity also leads to a 12.8%
increase in the ultimate load. Also, increasing the modulus of elasticity beyond 70 GPa, for
over-reinforced beams GFRP-RC beams, has a minor influence on the ultimate load and EAC.
5. Under low-velocity impact loads, the maximum midspan deflection and maximum dynamic
strain in the GFRP bars decreased significantly with an increase in the longitudinal
reinforcement ratio. Moreover, the impact force and crack profile were not influenced by
variation of the longitudinal reinforcement ratio, whereas the reaction force increased with an
increase in the longitudinal reinforcement ratio.
6. Under low-velocity impact loads, the drop velocity significantly influenced the crack and
damage profiles of the beams. Flexural cracks were observed at low impact velocities (3-4 m/s),
whereas shear cracks dominated in higher velocities (6-7 m/s). The maximum midspan
deflection, maximum dynamic strain in the GFRP bars, impact force, and reaction force
significantly increased with an increase in the drop velocity.
7. For GFRP-RC beams under overloading impact conditions, during the first 5 ms of the
impact, the shear force transitioned from a dynamic shear force at the center of the beam to a
quasi-static shear force. The shear-plug cracks observed on all GFRP-RC beams can be
explained using the dynamic shear force diagrams of the beams which are influenced by the
inertia resistance of the beams.
8. Based on the experimental observations of the GFRP-RC beams under overloading impact
conditions, a damage classification system depending on the residual capacities of the beams
was introduced. If the residual capacity was higher than 0.9EAC, the damage was considered
Minor. If the residual capacity was between 0.8EAC and 0.9EAC, the damage was considered
Medium. If the residual capacity was lower than 0.8EAC, the damage was considered Severe.
9. For the GFRP-NSC beams under overloading impact conditions, the shear capacities of the
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beams significantly influenced the failure modes of the beams. Beams with higher shear
capacities failed in flexure and flexure-shear, whereas beams with lower shear capacities
developed shear-plug type of failure.
10. For the GFRP-NSC beams under overloading impact conditions, the maximum input
impact energy the beams were able to resist was 1.5 times the quasi-static energy absorption
capacity. An input impact energy higher than that led to a catastrophic failure of the GFRPNSC beams regardless of the shear capacity.
11. For the GFRP-NSC beams under overloading impact conditions, it was observed that
increasing the shear capacity of the beams led to smaller residual deflections and higher residual
capacities. To resist impact loads for GFRP-NSC beams, it is recommended to use a spacing of
the shear reinforcement of 𝐷𝐷�3 for beams subjected to impact energies similar to the quasi-static

energy absorption capacity and a spacing of 𝐷𝐷�4 for beams that could be subjected to impact

energies up to 1.5 times the quasi-static energy absorption capacity.

12. For the GFRP-UHSC beams under overloading impact conditions, it was observed that
under input impact energies higher than the quasi-static energy absorption capacity of the beam,
increasing the shear capacities of the beams from ACI (2015) recommendations was necessary
to resist brittle failure. For input impact energies up to 1.4EAC, a stirrup spacing of 𝐷𝐷�2 (D is
the beam depth) was sufficient to resist the overloading impact conditions. For input impact

energies between 1.4EAC and 1.6EAC, a stirrup spacing of 𝐷𝐷�3 is required for the beam to avoid
catastrophic failure and resist the overloading impact conditions. Moreover, for input impact

energies higher than 1.6EAC, stirrup spacing of 𝐷𝐷�4 is recommended to resist overloading
impact conditions.

13. For the GFRP-UHSC beams under overloading impact conditions, the transition in failure
modes from initially designed over-reinforced to balanced or under-reinforced may occur due
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to the increase in compressive strength of concrete over time for beams designed with the ratio
𝜌𝜌
�𝜌𝜌𝑏𝑏

just over 1.4 as per ACI (2015). Therefore, it is recommended to design GFRP-UHSC

beams with the ratio 𝜌𝜌�𝜌𝜌𝑏𝑏 larger than 2 to avoid the shift from quasi-ductile to brittle failure
modes due to variations in concrete strength.

8.3

Recommendations for future research studies

Based on the findings of the experimental and numerical investigations of this thesis, the
following recommendations for future research studies have been identified:
1. Further experimental studies are required to investigate the behavior of large-scale GFRPRC beams under low-velocity impact loads with a wider range of variables such as the
longitudinal reinforcement ratio, compressive strength of concrete, and impact velocity under
a fixed input impact energy.
2. Low-velocity impact (up to 10 m/s) was used in the experimental and numerical
investigations of this thesis. The influence of high-velocity impact on the behavior of GFRPRC beams is an important area of investigation for future research studies.
3. The cross-sections presented in this thesis were all rectangular. Additional experimental
studies are required to investigate the behavior of T-shaped or I-shaped cross-sectional GFRPRC beams under low-velocity impact loads.
4. The type of FRP bars used in this study was limited to GFRP. Further studies are required
to study the behavior of CFRP-RC and AFRP-RC beams under impact loads.
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ABSTRACT
This paper presents an experimental investigation into the behavior of Glass Fiber-Reinforced
Polymer (GFRP) bar reinforced high strength concrete and ultra-high strength concrete beams.
In total, twelve GFRP bar reinforced concrete beams (GFRP-RC beams) were constructed and
tested. Six GFRP-RC beams were tested under static loading. Higher strength concrete was
found to influence the overall behavior of GFRP-RC beams under static loading in terms of
load carrying capacity, deflection, and post-cracking bending stiffness. Six GFRP-RC beams
were tested under impact loading at various levels of impact energy. The GFRP-RC beams
displayed a shift in the failure mode (from shear failure to flexure failure) as a result of the use
of ultra-high strength concrete under impact loading.

A.1. Introduction
Durability, corrosion resistance, and blast and impact resilience are the current requirements
for high-performance reinforced concrete (RC) structures. Understanding and modeling of
concrete behavior under extreme environmental loading conditions are essential for making RC
structures safer and more efficient. In particular, the corrosion of reinforcement can expedite
the aging process and deterioration of the infrastructure. The aging and deterioration process of
the infrastructure may cause aesthetic problems together with significant financial implications
resulting from increased maintenance cost. Hence, it is an important challenge for structural
engineers to design structures to resist extreme loads in harsh environmental conditions.
To overcome corrosion related damage and deterioration, Fiber-Reinforced Polymer (FRP) bars
are considered to be an alternative option for reinforcing concrete structures as opposed to
conventional steel reinforcement [1-3]. FRP bars possess non-corrosive behavior, which makes
it viable to reinforced concrete structures in coastal environments. Furthermore, FRP bars have
a high-strength to weight ratio, making it easy to transport on site. Commercially available FRP
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bars include glass (Glass Fiber Reinforced Polymer, GFRP), carbon (Carbon Fiber Reinforced
Polymer, CFRP), aramid (Aramid Fiber Reinforced Polymer, AFRP) and basalt (Basalt Fiber
Reinforced Polymer, BFRP). The FRP bars are well known to have linear stress-strain behavior
up until failure under uniaxial tension, with no or limited ductility, unlike the conventional steel
reinforcement. Also, FRP bars have a low modulus of elasticity (e.g., 35 GPa -51 GPa,
according to ACI [4]). FRP bars are relatively expensive compared to steel reinforcement.
However, the service life and durability of concrete structures reinforced with FRP bars are
higher, resulting in a decrease in the overall maintenance costs.
Previous experimental studies investigated the impact behaviour of RC beams reinforced with
conventional steel reinforcement [5-21]. Three types of responses were observed: local
response, global response, and a combination of local and global response. Local failure modes
of steel RC beams under impact have been termed as being scabbing, which results in the
spalling of the concrete cover, penetration, and diagonal shear cracking around the contact zone.
Local response is typically referred as a shear “plug” type, even for flexural-critical steel RC
beams [12] or a localized dynamic punching shear failure [8, 22-25], which occurs at higher
velocity impacts. In the local response, the majority of energy from the impact in the steel RC
beams is dissipated around the impact area. A global response of the steel RC beams represents
bending and deformation responses of the beams. The behavior of steel RC beams under impact
loading has been reported as the combination of local and global responses (bending and
deformation) [7]. However, the global response has been reported as the main concern for the
steel RC beams subjected to impact loading [7]. The influences of different parameters
including impact velocity, impact energy, cracking response, and shear mechanisms were
investigated and static and impact failure modes of steel RC beams were compared in the
literature. Also, the previous studies were mostly limited to normal strength concrete (NSC)
beams. Only a limited number of studies examined the impact response of high strength
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concrete (HSC) beams reinforced with conventional steel reinforcement [26-31]. A few studies
reported that brittle shear failure occurs in HSC [32-36]. Although the behavior of steel RC
beams under impact loading was studied extensively, limited attention has been devoted on the
experimental investigation of the impact response of GFRP bar reinforcement concrete beams
(GFRP-RC beams) [37]. Goldston et al. [37] reported that flexural-critical GFRP-RC beams
displayed a shear “plug” type of failure under impact loading, which indicated the importance
of shear mechanisms. It was also found that using high strength concrete and increasing the
tensile reinforcement ratio, fewer inclined shear cracks occurred. However, from an extensive
literature review, it was found that no study has so far addressed the impact behavior of ultrahigh strength concrete (UHSC) (concrete compressive strength greater than 100 MPa) beams
reinforced with GFRP bars [38]. It is noted that concrete compressive strength above 100 MPa
has been considered as UHSC in Vincent and Ozbakkaloglu [39] and Ozbakkaloglu [40].
This paper investigates experimentally the static and impact responses of GFRP bar reinforced
high strength concrete (HSC) and ultra-high strength concrete (UHSC) beams. Three different
GFRP tensile longitudinal reinforcement ratios and two different grades of concrete were used.
Under static loading, the influences of concrete strength and reinforcement ratio on loadcarrying capacity, deflection, crack pattern and failure mode of the GFRP-RC beams were
investigated. Under impact loading, the influences of impact energy on the dynamic midspan
deflection, dynamic strain in the GFRP reinforcement bars, crack patterns, and failure modes
of GFRP-REC beam were investigated.

A.2. Experimental Program
A.2.1 Material Properties
A local company supplied the ready-mix concrete used in this study. Concrete cylinders with
100 mm diameter and 200 mm height were cast to measure the concrete compressive strength
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according to Australian Standard AS 1012.9 [41]. Table A.1 provides the details of concrete
mix designs for concrete of nominal compressive strengths of 80 MPa and 120 MPa. The
average compressive strengths of concrete at 28 days were 84.6 MPa (for the nominal concrete
strength of 80 MPa) and 100.5 MPa (for the nominal concrete strength of 120 MPa),
respectively. On the day of static testing (day 62), the average compressive strengths of concrete
were 95 MPa (for the nominal concrete strength of 80 MPa) and 117 MPa (for the nominal
concrete strength of 120 MPa). Three different diameters of sand-coated GFRP reinforcement
bars were used. The #2S (Standard) bars had a nominal diameter of 6.35 mm, #3HM (High
Modulus) had a nominal diameter of 9.53 mm, and #4HM had a nominal diameter of 12.7 mm.
The tensile properties of the GFRP reinforcement bars were determined by testing three
specimens from each type of GFRP reinforcement bar (#2S, #3HM and #4HM). Average tensile
strength (𝑓𝑓𝑢𝑢 ), modulus of elasticity (𝐸𝐸𝑓𝑓 ) and rupture strain (𝜀𝜀𝑓𝑓𝑓𝑓 ) using the Instron 8033 universal
testing machine were obtained according to ASTM [42]. The GFRP reinforcement bars were

loaded until failure at the rate of 1 mm/min. Strains in the bars were measured using a 100 mm
extensometer attached to the GFRP bars within the free length. The stress-strain behavior of the
GFRP bars was found to be linear. All tensile test specimens failed due to splitting and rupture
of the GFRP fibers. For #2S GFRP reinforcement bars, 𝑓𝑓𝑢𝑢 = 732 MPa, 𝜀𝜀𝑓𝑓𝑓𝑓 = 1.96% and 𝐸𝐸𝑓𝑓 =
37.5 GPa. For #3HM GFRP reinforcement bars, 𝑓𝑓𝑢𝑢 = 1764 MPa, 𝜀𝜀𝑓𝑓𝑓𝑓 = 3.18% and 𝐸𝐸𝑓𝑓 =
55.6 GPa. For #4HM GFRP bars, 𝑓𝑓𝑢𝑢 = 1605MPa, 𝜀𝜀𝑓𝑓𝑓𝑓 = 3.30% and 𝐸𝐸𝑓𝑓 = 48.6 GPa.
Table A.1: Concrete Mix Designs of NSC and UHSC

Nominal Concrete Strength
Material
80 MPa

120 MPa

Bastion General Purpose Cement

540 kg/m3

600 kg/m3

Fine Grade Fly Ash

40 kg/m3

N/A
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Micro Silica Densified Silica Fume

40 kg/m3

40 kg/m3

10 mm Aggregate

1040 kg/m3

1020 kg/m3

Coarse Sand

420 kg/m3

450 kg/m3

Fine Sand

100 kg/m3

150 kg/m3

4 L/m3

5 L/m3

160 L/m3

155 L/m3

Sika Viscocrete PC HRF2
(Superplasticiser)
Water

Steel stirrups were used as shear reinforcement. Three 4 mm diameter steel reinforcement bar
specimens were tested using the Instron 1343 universal testing machine, with a tensile capacity
of 100 kN according to ASTM [43]. The tensile test specimens were loaded at 0.2 mm/min until
necking. Mean yield strength, ultimate tensile strength and elastic modulus were measured as
583 MPa, 640 MPa and 200 GPa, respectively.

A.2.2 Details of GFRP-RC Beams
A total of twelve simply supported GFRP-RC beams were constructed and tested under static
and impact loading. The experimental program consisted of two series of test specimens. The
first series consisted of six GFRP-RC beams tested under static loading (S) (three-point
bending) to investigate the influence of tensile GFRP reinforcement bars on the flexural
behavior of beams. The test variables were the amount of tensile longitudinal reinforcement
and the compressive strength of concrete. Three beams were constructed with concrete of 80
MPa nominal compressive strength, and three beams were constructed with concrete of 120
MPa nominal compressive strength. The parameters investigated were load-deflection
behavior, failure mode, energy absorption and strain in the concrete and GFRP reinforcement
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bars. The second series consisted of six UHSC GFRP-RC beams tested under impact loading
to investigate the dynamic response of UHSC GFRP-RC beams. The six GFRP-RC beams
under impact loading (I) were constructed with the nominal concrete compressive strength of
120 MPa. Three beams had tensile longitudinal reinforcement ratios (𝜌𝜌𝑓𝑓 ) of 1.0% and three

other beams had 𝜌𝜌𝑓𝑓 of 2.0%. The GFRP-RC beams were subjected to three different impact

heights of the 580 kg drop hammer for specimens with 𝜌𝜌𝑓𝑓 = 1.0% and 𝜌𝜌𝑓𝑓 = 2.0%. Based on
the test results of the energy absorption capacity (50%, 75% and 100% energy absorption
capacity) of the GFRP-RC beams under static loading, the height of the drop hammer was
calculated. Three beams with 𝜌𝜌𝑓𝑓 = 1.0% were subjected to drop hammer heights of 355 mm,
533 mm and 710 mm. The three beams with 𝜌𝜌𝑓𝑓 = 2.0% were subjected to drop hammer heights

of 550 mm, 825 mm and 1100 mm. Test parameters investigated included dynamic midspan
deflection, dynamic bending resistance, dynamic strain in GFRP reinforcement bars, failure
mode and crack patterns.
The GFRP-RC beams were 2400 mm long, 100 mm wide and 150 mm deep. The GFRP-RC

beams were reinforced with two GFRP bars in the tensile and two GFRP bars in the compressive
region. The concrete clear cover was 15 mm (from the outer surface of the steel stirrup to the
tensile face of the GFRP-RC beams). The effective depths (𝑑𝑑) were calculated as 127.8 mm,
126.2 mm and 124.7 mm for beams with 𝜌𝜌𝑓𝑓 = 0.5%, 1.0% and 2.0%, respectively. The 4 mm

diameter steel reinforcement used as shear reinforcement was spaced evenly at 50 mm centers.
The reinforcing cages are shown in Fig A.1. A side view of the GFRP-RC beams is shown in
Fig A.2.
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a) 𝜌𝜌𝑓𝑓 = 0.5%

b) 𝜌𝜌𝑓𝑓 = 1.0%

Fig A.1. Reinforcement Cages

c) 𝜌𝜌𝑓𝑓 = 2.0%

30 mm Concrete Strain Gauges

#2S
#3HM
#4HM

4 mm Ø Steel Stirrups @ 50 mm centres

150
5 mm GFRP Strain
Gauges
2400

50

Fig A.2. Schematic of a GFRP-RC Beam Specimen

The GFRP-RC beams were designed in accordance with ACI [4] to fail by both concrete
crushing (over-reinforced), where the maximum usable compressive strain in the concrete (𝜀𝜀𝑐𝑐𝑐𝑐 )

is assumed as 0.003 and GFRP reinforcement rupture (under-reinforced). Design nominal

moment capacities (𝑀𝑀𝑛𝑛 ) were calculated according to ACI [4] for the over and under-reinforced
GFRP-RC beams. For GFRP-RC beams, the preferred design is over-reinforced, as the beam is
assumed to be less brittle with an amount of pseudo-ductility. Under-reinforced GFRP-RC
beams fail in a catastrophic way without warning. Two GFRP-RC beams were under-reinforced
and ten GFRP-RC beams were over-reinforced according to ACI [4].
The GFRP-RC beams were labeled according to the series, nominal concrete strength,
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longitudinal reinforcement type, reinforcement ratio and type of loading. The arrangement is in
the form of A–B–C–Dx, where A is the nominal concrete compressive strength (80 MPa or 120
MPa), B is the GFRP reinforcement bar type (#2S, #3HM or #4HM), C is the tensile GFRP
longitudinal reinforcement ratio (𝜌𝜌𝑓𝑓 = 0.5%, 1.0% and 2.0%) and D is for the type of loading,

(S for static loading and I for impact loading). For GFRP-RC beams under impact loading, the
subscript (x) represents the height of the drop hammer in meters. For example, GFRP-RC beam
80-#3HM-1.0-S was designed with the concrete compressive strength of 80 MPa, #3HM GFRP
reinforcement bars, 𝜌𝜌𝑓𝑓 = 1.0% and tested under static loading. For GFRP-RC beam 120-

#4HM-2.0-I1.1, the nominal concrete compressive strength was 120 MPa, #4HM GFRP
reinforcement bars, 𝜌𝜌𝑓𝑓 = 2.0% and was subjected to a 1.1 m drop hammer height under impact

loading. Table A.2 provides a summary of the properties of the GFRP-RC beams including
design nominal moment capacity, 𝑀𝑀𝑛𝑛 according to ACI [4], calculated using preliminary
material properties obtained from experimental testing.
Table A.2: Details of GFRP-RC Beams

127.8

(%)
0.5

(MPa)
80

(%)

Condition

80-#2S-0.5-S

(mm)

𝑀𝑀𝑛𝑛 (kN. m)

0.50

Under

5.7

80-#3HM-1.0-S

126.2

1.0

80

0.50

Over

13.6

80-#4HM-2.0-S

124.7

2.0

80

0.50

Over

16.0

120-#2S-0.5-S

127.8

0.5

120

0.50

Under

5.7

120-#3HM-1.0-S

126.2

1.0

120

0.50

Over

15.2

120-#4HM-2.0-S

124.7

2.0

120

0.50

Over

18.0

120-#3HM-1.0-I0.71

126.2

1.0

120

0.50

Over

15.3

120-#3HM-1.0-I0.533

126.2

1.0

120

0.50

Over

15.3

GFRP-RC Beam

𝑑𝑑

𝜌𝜌𝑓𝑓

𝑓𝑓′𝑐𝑐
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𝜌𝜌𝑠𝑠

Reinforcement

(ACI [4])

120-#3HM-1.0-I0.355

126.2

1.0

120

0.50

Over

15.3

120-#4HM-2.0-I1.1

124.7

2.0

120

0.50

Over

18.1

120-#4HM-2.0-I0.825

124.7

2.0

120

0.50

Over

18.1

120-#4HM-2.0-I0.550

124.7

2.0

120

0.50

Over

18.1

Note: 𝑑𝑑 is effective depth, 𝜌𝜌𝑓𝑓 is tensile reinforcement ratio, 𝑓𝑓′𝑐𝑐 is nominal concrete compressive

strength, 𝜌𝜌𝑠𝑠 is shear reinforcement ratio and 𝑀𝑀𝑛𝑛 is nominal moment capacity calculated
according to ACI (2015).

A.3. Experimental Setup
A.3.1 Static Testing
Test set-up for the GFRP-RC beams under static loading involved placing the beams between
two steel I-beams with a clear span of 2000 mm. The beam had a 200 mm overhang on each
side. The beams were simply supported: a pin support at one end and a roller support at the
other end. A 600 kN hydraulic actuator anchored to a steel frame was used to apply monotonic
increasing loads on a steel circular plate positioned at the midspan. The hydraulic actuator had
a built-in transducer which captured the midspan deflection. The GFRP-RC beams were tested
under the displacement controlled loading at a rate of 1 mm/min until failure. At the top on each
side of the GFRP-RC beams, directly underneath the position of the load cell, two strain gauges
were attached to measure concrete strain. Also, one strain gauge was attached to each of the
tensile GFRP reinforcement bars at the center to measure the average tensile strain. All data
including load, midspan deflection and strain were recorded with a high-speed data acquisition
system (NI PXIe-1078). Fig A.3 shows the test setup of the GFRP-RC beams under static
loading.
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Fig A.3. Experimental Set-up for GFRP-RC Beams under Static Loading

A.3.2 Impact Testing
Six GFRP-RC beams were subjected to a 580 kg high capacity free falling drop hammer as
shown in Fig A.4. The test setup involved fixing two steel blocks to the floor so that the GFRPRC beams had a clear span of 2000 mm with a 200 mm overhang on each side. All impact
GFRP-RC beams were simply supported and positioned on a steel pin and a steel roller. To
prevent rebound during impact, steel frame rollers were connected to the steel blocks. The drop
hammer was lifted mechanically to the required drop height using an automotive control
system. The drop hammer was released using an electronic quick release system. The dynamic
midspan deflections were determined by image processing technique using the high-speed
camera video recordings by positioning a leveler next to the midspan of the beams. Black and
white dots were marked onto the beams in order to accurately analyze the deflections. The
recording rate of the high-speed video camera was 1000 frames/sec. The dynamic concrete
strain was not measured due to the extensive damage in the impact area caused by the drop
hammer. However, the dynamic tensile strain was measured from the strain gauges located in
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the middle of the GFRP tensile reinforcement bars. The recording rate of the high-speed camera
was 1000 frames per second. The high-speed data acquisition system, NI-PXI-1050, was used
to record all the data, including impact force (load cell connected to the underside of the drop
hammer) and dynamic tensile strain, with a frequency of 100,000 samples per second.

Fig A.4. Experimental Set-up for GFRP-RC Beams under Impact Loading

A.4. Experimental Results and Discussions
A.4.1 Response under Static Loading
A.4.1.1 Failure Modes
The GFRP-RC beams were designed to have two distinct failure modes under static loading:
GFRP reinforcement rupture (for beams with 𝜌𝜌𝑓𝑓 = 0.5%) and concrete crushing (for beams

with 𝜌𝜌𝑓𝑓 = 1.0% and 2.0%). During testing, the beams designed as under-reinforced (GFRP257

RC beams 80-#2S-0.5-S and 120-#2S-0.5-S) showed vertical flexural cracking, which initially
formed around the midspan. Flexural cracks started to form at around 3 kN. New vertical cracks
started to propagate closer to the supports at higher loading levels. Already formed cracks
around the midspan continued to propagate vertically. The GFRP-RC beams failed because of
the rupture of GFRP reinforcement bars (Fig A.5). This occurred unexpectedly with no sign of
warning. Concrete strain at the time of failure was measured as 0.002 and 0.0017 for GFRPRC beams 80-#2S-0.5-S and 120-#2S-0.5-S, respectively (Fig A.6). Rupture strain of GFRP
reinforcement bars was not recorded, since the strain gauges failed prior to failure of the GFRPRC beams. At the time of failure, the experimental load-carrying capacities were measured as
15 kN and 16.2 kN for beams 80-#2S-0.5-S and 120-#2S-0.5-S, respectively. Midspan
deflections, ∆𝑒𝑒𝑒𝑒𝑒𝑒 , were recorded as 81.8 mm and 77.5 mm for beams 80-#2S-0.5-S and 120-

#2S-0.5-S, respectively.

Fig A.5. Rupture of GFRP Bar in GFRP-RC Beam 80-#2S-0.5-S
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Fig A.6. Load-Strain Response of Concrete and GFRP Bar in GFRP-RC Beams under Static
Loading

For the over-reinforced GFRP-RC beams (beams 80-#3HM-1.0-S, 80-#4HM-2.0-S, 120#3HM-1.0-S, and 120-#4HM-2.0-S), two distinct failure modes were observed. Initially, the
crushing of concrete cover occurred. This occurred at compressive strains between 0.003 and
0.004 (Fig A.6), which is considered “failure” from a design point of view. Thus, at these
recorded concrete strains, experimental load carrying capacity (𝑃𝑃𝑢𝑢 ) was determined. Also, at

this point, strains in the GFRP reinforcement bars (ranging from 1.3% to 1.9%) were lower than
the rupture strain, indicating a concrete crushing failure (Fig A.6). However, the GFRP-RC
beams showed signs of continually sustaining the load, which indicated signs of reserve
capacity or an amount of pseudo “ductility”. At higher loading levels, concrete cover continued
to crush before the total failure. At the total failure, the GFRP-RC beams failed by the rupture
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of the GFRP reinforcement bars and were unable to carry additional loads (Fig A.7).

Fig A.7. Rupture of GFRP Bars in GFRP-RC Beam 80-#4HM-2.0-S

A.4.1.2 Load-Midspan Deflection Response
The load-midspan deflection response of the GFRP-RC beams under static loading is shown in
Fig A.8. All GFRP-RC beams displayed a bi-linear response. Initially, before cracking, the
bending stiffness of the beams was high. The bending stiffness reduced once the cracking
occurred, especially for the GFRP-RC beams with the lowest amount of reinforcement. This
was attributed to the low elastic modulus of the #2S bars. From the preliminary test, the modulus
of elasticity was calculated as 37.5 GPa for the #2S GFRP reinforcement bars. For higher
amounts of reinforcement, the bending stiffness reduced, but not as drastic as for the GFRP-RC
beams with 𝜌𝜌𝑓𝑓 = 0.5%. Energy absorption capacities (𝐸𝐸1 and 𝐸𝐸2 ) were calculated as the area

under the load-midspan deflection curves [44, 45]. For the over-reinforced GFRP-RC beams,
at the first major drop in load carrying capacity, which was considered “failure” (at 𝐸𝐸1 ) and thus

the reserve capacity or “ductility” was calculated after this loading point, that is 𝐸𝐸2 . A similar

approach was demonstrated in Goldston et al. [37] and Goldston et al. [38] to calculate the
energy absorption capacity of the beam. The GFRP-RC beams 80-#2S-0.5-S and 120-#2S-0.5260

S had no reserve capacity as they collapsed because of the rupture of GFRP reinforcement bars.
Total energy absorption capacities for the GFRP-RC beams ranged from 714 J to 6377 J. Table
A.3 reports the results for the GFRP-RC beams tested under static loading.

Table A.3: GFRP-RC Beams under Static Loading
Total
GFRP-RC
Beam
(Failure
Mode)

80-#2S-0.5S
(GFRP
Rupture)
80-#3HM1.0-S
(Concrete
Crushing)
80-#4HM2.0-S
(Concrete
Crushing)
120-#2S0.5-S
(GFRP
Rupture)
120-#3HM1.0-S
(Concrete
Crushing)
120-#4HM2.0-S
(Concrete
Crushing)

Experiment
al Load,
𝑃𝑃𝑢𝑢

Average Strain

Midspan

Nominal
Reserve

Energy

Capacity

Absorption

Deflection
∆𝑒𝑒𝑒𝑒𝑒𝑒

(𝐸𝐸1 + 𝐸𝐸2 )

𝜀𝜀𝑓𝑓𝑓𝑓𝑓𝑓.𝑎𝑎𝑎𝑎𝑎𝑎

Load,
𝜀𝜀𝑐𝑐.𝑎𝑎𝑎𝑎𝑎𝑎

𝑃𝑃𝑛𝑛 (kN)

𝑃𝑃𝑛𝑛 ⁄𝑃𝑃𝑢𝑢

(kN)

(mm)

𝐸𝐸2 (J)

15.0

81.8

0

742

2.8*

0.002

11.4

0.76

33.0

62.6

2689

3909

1.6*

0.003*

27.2

0.82

46.1

58.3

4540

6050

1.3*

0.0035*

32.0

0.70

16.2

77.5

0

714

3.5*

0.0017

11.4

0.70

41.8

73.3

2335

4057

1.9*

0.004*

30.4

0.73

52.2

64.3

4494

6377

1.6*

0.004*

36

0.69

(J)

(%)

ACI [4]

Note:* Data was extrapolated using linear regression analysis to calculate average strain at Peak
1, 𝜀𝜀𝑓𝑓𝑓𝑓𝑓𝑓.𝑎𝑎𝑎𝑎𝑎𝑎 is the average strain in the GFRP tensile reinforcement bars and 𝜀𝜀𝑐𝑐.𝑎𝑎𝑎𝑎𝑎𝑎 is the average
strain in the concrete.
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Fig A.8. Load-Midspan Deflection Response of GFRP-RC Beams under Static Loading

A.4.1.3 Influence of Concrete Strength and Tensile Reinforcement
The influence of concrete compressive strength and amount of tensile reinforcement were
systematically investigated to understand their influences on the behavior of GFRP-RC beams
under static loading, in terms of load carrying capacity, midspan deflection, and post-cracking
bending stiffness. For the GFRP-RC beams with 𝜌𝜌𝑓𝑓 = 0.5%, the effect of concrete compressive

strength had minimal influence on the load carrying capacity. For the increase in the concrete

compressive strength from 95 MPa to 117 MPa, the load increased by 8% (15 kN to 16.2 kN).
This is because the GFRP-RC beams were designed as under-reinforced beams and hence their
failure was governed by the strength of the GFRP reinforcement bars under tension. Midspan
deflection was shown to decrease by 5% (81.8 mm to 77.5 mm) for 𝜌𝜌𝑓𝑓 = 0.5% for an increase

in the concrete compressive strength (95 MPa to 177 MPa). A 12% increase in post-cracking
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bending stiffness was observed for 𝜌𝜌𝑓𝑓 = 0.5% for an increase in the concrete compressive

strength from 95 MPa to 117 MPa.

Concrete compressive strength was more influential for the GFRP-RC beams with tensile
longitudinal reinforcement ratios of 𝜌𝜌𝑓𝑓 = 1.0% and 𝜌𝜌𝑓𝑓 = 2.0% in increasing the load carrying
capacity, as the failure was governed by the compressive strength of concrete (crushing of

concrete cover). For 𝜌𝜌𝑓𝑓 = 1.0% and 𝜌𝜌𝑓𝑓 = 2.0%, the load increased by 27% (33 kN to 41.8 kN)

and 13% (46.1 kN to 52.2 kN), respectively for the increase in the concrete compressive
strength from 95 MPa to 117 MPa. However, increasing concrete compressive strength
increased the midspan deflection by 17% and 10% for 𝜌𝜌𝑓𝑓 = 1.0% and 𝜌𝜌𝑓𝑓 = 2.0%, respectively.

In terms of post-cracking bending stiffness, for 𝜌𝜌𝑓𝑓 = 1.0%, the stiffness increased by 10% for

an increase in concrete compressive strength. However, for 𝜌𝜌𝑓𝑓 = 2.0%, a reduction of 0.07%
in post-cracking bending stiffness was observed. At higher reinforcement ratios, higher
concrete compressive strength (UHSC) did not improve the post-cracking bending stiffness.
The effect of concrete compressive strength on load carrying capacity, midspan deflection and
post-cracking bending stiffness is shown in Fig A.9, Fig A.10 and Fig A.11, respectively.

Fig A.9. Influence of Concrete Compressive Strength and GFRP Reinforcement Ratio on the
Load Carrying Capacity
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Fig A.10. Influence of Concrete Compressive Strength and GFRP Reinforcement Ratio on
Midspan Deflection

Fig A.11. Influence of Concrete Strength and GFRP Reinforcement Ratio on Post-Cracking
Bending Stiffness
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In terms of reinforcement ratio, the increase in the amount of tensile longitudinal GFRP
reinforcement increased the load-carrying capacity, reduced deflection and increased postcracking bending stiffness, regardless of concrete compressive strength as shown in Fig A.9,
Fig A.10 and Fig A.11. For the GFRP-RC beams with concrete compressive strength of 95
MPa, the load carrying capacity increased by 120%, with a decrease in the midspan deflection
of 23% and an increase in post-cracking bending stiffness by 231% for the increase in the 𝜌𝜌𝑓𝑓

from 0.5% to 1.0%. This significantly large change in the post-cracking bending stiffness is due
to the change in failure mode (from the rupture of the GFRP reinforcement to the crushing of
concrete). However, for the increase in the 𝜌𝜌𝑓𝑓 from 1.0% to 2.0%, the load carrying capacity

increased by 40%, with 7% reduction in the deflection and 61% increase in the post-cracking
bending stiffness.
Similar results were observed for the UHSC (117 MPa) GFRP-RC beams. For the increase in
the reinforcement ratio 𝜌𝜌𝑓𝑓 from 0.5% to 1.0% and from 1.0% to 2.0%, the load-carrying

capacity increased by 158% and 25%, respectively. A decrease of 5% in the midspan deflection

was observed for a change in the 𝜌𝜌𝑓𝑓 from 0.5% to 1.0%, compared to 12% for the increase in
the 𝜌𝜌𝑓𝑓 from 1.0% to 2.0%. In terms of post-cracking bending stiffness, an increase of 224%,

and 47% was observed for an increase in the 𝜌𝜌𝑓𝑓 from 0.5% to 1.0% and from 1.0% to 2.0,
respectively.

A.4.1.4 Experimental versus FRP Code Recommendations
The FRP design recommendation [4] for the calculation of nominal load carrying, 𝑃𝑃𝑛𝑛 , was

compared using experimental results for load carrying capacity (𝑃𝑃𝑢𝑢 ) for the GFRP-RC beams

under static loading. Based on the preliminary material testing results, nominal bending
moment and load carrying capacities were calculated. In general, the ACI [4] provided
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relatively conservative results compared to the experimental results, with a mean 𝑃𝑃𝑛𝑛 ⁄𝑃𝑃𝑢𝑢 = 0.73

(Table A.3). That is, the ACI [4] under-predicted load by an average of 37%. Regardless of the
failure mode (concrete crushing or GFRP reinforcement rupture), the experimental load

carrying capacity was found to be higher to that of the calculated nominal load carrying capacity
for all GFRP-RC beams.
The most conservative results were achieved at the highest tensile longitudinal GFRP
reinforcement ratio (𝜌𝜌𝑓𝑓 = 2.0%). For 𝜌𝜌𝑓𝑓 = 2.0%, an average of 𝑃𝑃𝑛𝑛 ⁄𝑃𝑃𝑢𝑢 = 0.70 (underprediction by 43%) was calculated for ACI [4]. For 𝜌𝜌𝑓𝑓 = 0.5%, ACI [4] under-predicted

deflection by an average of 37%. The least conservative results were observed for the GFRPRC beams with 𝜌𝜌𝑓𝑓 = 1.0%. For the GFRP-RC beams with 𝜌𝜌𝑓𝑓 = 1.0%, the midspan deflection
was under-predicted by 28%. In terms of concrete strength, for the higher the concrete strength

(117 MPa), more conservative the nominal load carrying capacity was calculated by ACI [4]
compared to experimental load carrying capacity. According to ACI [4], for the concrete
compressive strength of 117 MPa, a mean 𝑃𝑃𝑛𝑛 ⁄𝑃𝑃𝑢𝑢 = 0.71 was calculated (under-prediction of

41%), compared to 𝑃𝑃𝑛𝑛 ⁄𝑃𝑃𝑢𝑢 = 0.76 for concrete compressive strength of 95 MPa (under-

prediction of 32%). Table A.3 reports the comparison between experimental load carrying
capacity and nominal load capacity according to ACI [4].

A.4.2 Response under Impact Loading
A.4.2.1 Failure Modes
Three GFRP-RC beams with the tensile longitudinal GFRP reinforcement ratios of 𝜌𝜌𝑓𝑓 = 1.0%

and 𝜌𝜌𝑓𝑓 = 2.0% were subjected to various drop hammer heights. In the literature, the quasistatic energy absorption capacity of the beam was used as the input impact energy [46]. In this
study, the quasi-static energy absorption capacities of the GFRP-RC beam 120-#3HM-1.0-S, at
266

50%, 75% and, 100% were 2029 J, 3043 J and 4057 J, respectively. These quasi-static energy
absorption capacities were only used to determine the initial drop height. Hence, the three drop
heights were calculated as 355 mm, 533 mm and 710 mm, respectively. For GFRP-RC beam
120-#5HM-2.0-S, at 50%, 75%, and 100% energy absorption capacity, the calculated static
energy absorption capacities were 3189 J, 4783 J, and 6377 J, respectively. Hence, the drop
heights were calculated as 550 mm, 825 mm, and 1100 mm, respectively. Overall, the
experimental failure mode and general behavior including crack patterns were relatively similar
for all six GFRP-RC beams subjected to various drop heights. The experimental failure mode
was found to shift under impact loading as a result of the use of UHSC. This resulted in localized
concrete crushing on the top surface with flexural cracks observed around the impact region,
with flexural-shear cracks occurring closer towards the support regions. This can be seen in Fig
A.12 which shows the point of impact between the drop hammer and the GFRP-RC beam,
displaying flexural-shear cracks. This was expected as the impact area is subjected to high shear
forces and large bending moments.

Fig A.12. High-Speed Camera showing Formation of Cracks at the point of Contact between
the GFRP RC beam and Drop Hammer
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The GFRP-RC beam 120-#3HM-1.0-I0.355 experienced minor crushing of the concrete cover on
the top surface at the impact point as shown in Fig A.13(a). During impact, cracks were
predominately observed as a combination of flexure, flexure-shear and minor shear cracks
propagating from the tensile region throughout the height of the GFRP-RC beam. The majority
of these cracks were observed to be localized around the impact zone. A few flexure-shear
cracks were observed closer towards the supports. When the beam was subjected to an impact
energy of 2029 J, the permanent deflection (residual deflection) measured was zero. The GFRPRC beam 120-#3HM-1.0-I0.533 showed signs of additional crushing of concrete cover, with the
exposure of the compressive GFRP reinforcement bars (Fig A.13(b)). The crushing of concrete
cover was not symmetric under the impact area, with the localized crushing of concrete cover
to one side of the impact point. Under a drop hammer height of 533 mm, a small amount of
rupture of the tensile concrete cover occurred and the GFRP tensile reinforcement bars were
exposed around the impact zone, which significantly widened a few cracks around the midspan.
The cracks were mostly the flexure cracks throughout the span of the GFRP-RC beam. A few
flexure-shear cracks and a few minor inclined shear cracks were also observed. The GFRP-RC
beam 120-#3HM-1.0-I0.710 showed extremely localized concrete cover crushing and rupture of
the tensile concrete cover, causing the concrete to spall off as shown in Fig A.13(c). The
spalling off of the concrete was symmetrical under the impact point, which exposed the
compressive and tensile GFRP reinforcement bars. Also, a predominant flexural crack pattern
around the impact zone was observed. Only a few signs of flexure-shear cracks and minor
inclined shear cracking were observed. This GFRP-RC beam showed the least number of cracks
during impact. By close inspection, some signs of the splitting of fibers from GFRP tensile
reinforcement bars were observed.
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(a)

(b)

(c)

(d)

(e)

(f)
Fig A.13. Failure Modes and Crack Propagation in UHSC GFRP-RC Beams: (a) 120-#3HM1.0-I0.355, (b) 120-#3HM-1.0-I0.533, (c) 120-#3HM-1.0-I0.710, (d) 120-#4HM-2.0-I0.550, (e) 120#4HM-2.0-I0.825, 120-#4HM-2.0-I1.1
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The GFRP-RC beam 120-#4HM-2.0-I0.550 experienced minor concrete crushing in the impact
zone and cracks along the span as shown in Fig A.13(d). These cracks were predominately
vertical with the presence of a few flexure-shear cracks and a minor inclined shear cracks. After
the impact, the GFRP-RC beam remained elastic after the removal of the drop hammer mass.
GFRP-RC beam 120-#4HM-2.0-I0.825 was subjected to an impact energy of 4783 J, from a sdrop
height of 825 mm. A large amount of tensile concrete cover spalled off during impact, causing
cracks to widen around the midspan as shown in Fig A.13(e). A few more signs of inclined
shear cracking were present, especially closer to the support regions. But the majority of cracks
were predominately flexure-shear with the presence of flexural cracks. Finally, the impact
energy caused permanent deformation (residual deflection) of GFRP-RC beam 120-#4HM-2.0I0.825 with crushing of concrete on the top surface.
The GFRP-RC beam 120-#4HM-2.0-I1.1 was subjected to an impact height of 1.1 m. The
general behavior of GFRP-RC beam 120-#4HM-2.0-I1.1 was similar to the behavior of GFRPRC beam 120-#4HM-2.0-I0.825, but additional post impact permanent deformation was noticed
as shown in Fig A.13(f). In terms of impact zone damage, concrete crushing on the top surface
was localized on one side of the impact point. Rupture of the tensile concrete also occurred only
on the same side of the impact point where concrete crushing occurred. Also, by close
inspection, the impact caused the de-bonding of the sand-coat of the GFRP tensile
reinforcement bars around the midspan. In terms of cracking, very few cracks were formed
compared to GFRP-RC beams 120-#4HM-2.0-I0.550 and 120-#4HM-2.0-I0.825. A combination
of flexure and flexure-shear cracks were observed and spaced evenly along the span of GFRPRC beam 120-#4HM-2.0-I1.1. Moreover, no sign of rupture or splitting of fibers was detected.

A.4.2.2 Dynamic Midspan Deflection Response
Dynamic midspan deflection time history responses for the GFRP-RC beams under impact
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loading are shown in Fig A.14. These graphs were drawn by image processing from the highspeed camera. Fig A.14 was modified to initiate the first contact point between the drop hammer
and the GFRP-RC beams (i.e., at the coordinates of 0, 0). For GFRP-RC beam 120-#3HM-1.0I0.710, a black dot was used to track midspan deflections frame by frame. However, during
impact, the crushing of concrete cover caused the black dot to disappear after a period of time.
Thus, maximum dynamic midspan deflection (∆𝑒𝑒𝑒𝑒𝑒𝑒 ) was difficult to be captured and was

illustrated by the irregular dynamic midspan deflection time history response. 170 mm for
maximum dynamic midspan deflection was assumed. The remaining GFRP-RC beams had a
white dot painted on, which increased the visibility and therefore increased the accuracy for
determining the maximum dynamic midspan deflection. A parabolic curve was attained for
dynamic midspan deflection versus time, with the first portion of the graph (positive dynamic
midspan deflection rate) representing the contact between the drop hammer and the GFRP-RC
beam up until maximum dynamic-midspan deflection. At post dynamic midspan deflection, the
GFRP-RC beams began to rebound and move in the opposite direction (negative dynamic
midspan deflection rate) since the impact energy wasn’t sufficient to cause total failure. It is
noted that GFRP-RC beam 120-#4HM-2.0-I1.1 did not rebound as the impact energy caused
total collapse. For the other two GFRP-RC beams with 𝜌𝜌𝑓𝑓 = 1.0%, maximum dynamic
midspan deflections were calculated as 93.4 mm and 75 mm for GFRP-RC beams 120-#3HM-

1.0-I0.533 and 120-#3HM-1.0-I0.355, respectively. For the GFRP-RC beams with 𝜌𝜌𝑓𝑓 = 2.0%,
dynamic midspan deflection was calculated as 70.5 mm, 129.5 mm and 249.5 mm for GFRPRC beams 120-#4HM-2.0-I0.550, 120-#4HM-2.0-I0.825 and 120-#4HM-2.0-I1.1, respectively.
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Fig A.14. Dynamic Midspan Deflection-Time Histories

A.4.2.3 Dynamic Load-Time History Response
The dynamic load-time history response of the GFRP-RC beams under impact loading in a 120millisecond window is shown in Fig A.15. Initially, a short high magnitude duration pulse
(between 217 kN to 591 kN for all six GFRP-RC beams) occurred at the first contact between
the GFRP-RC beams and the drop hammer. This is indicative that the dynamic force was
initially resisted by the inertia forces at the first contact point. After this short time duration, the
dynamic force was then resisted by the GFRP-RC beams flexural resistance for four of the six
GFRP-RC beams. Thus, dynamic bending resistance was extracted from the dynamic load-time
history response. For GFRP-RC beams 120-#3HM-1.0-I0.355, 120-#3HM-1.0-I0.533, 120-#4HM2.0-I0.550 and 120-#4HM-2.0-I0.825, dynamic bending resistance was 49.7 kN, 54.4 kN, 66.5 kN
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and 78.6 kN, respectively. These four GFRP-RC beams displayed well-defined dynamic-load
time history responses unlike GFRP-RC beams 120-#3HM-1.0-I0.710 and 120-#4HM-2.0-I1.1,
where the dynamic bending resistance could not be established. The reason for the differences
was because for these two GFRP-RC beams, impact energy from the drop hammer caused total
collapse, without rebounding, and thus the data was distorted.
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Fig A.15. Dynamic Force History Response of GFRP-RC Beams

Average dynamic strain (𝜀𝜀𝑓𝑓𝑓𝑓𝑓𝑓.𝑎𝑎𝑎𝑎𝑎𝑎 ) is shown in Fig A.16. Initially, prior to the formation of
cracking, dynamic strain rate was relatively high. At the start of cracking, a small drop in

dynamic strain was observed. Post-cracking, dynamic strain rate reduced as a result of the
formation of cracks and low elastic modulus of the GFRP reinforcement bars. The post-cracking
strain increased fairly linearly up until average maximum dynamic strain (at approximately 𝑡𝑡 =

0.05 s and 𝑡𝑡 = 0.04 s, for GFRP-RC beams with 𝜌𝜌𝑓𝑓 = 1.0% and 𝜌𝜌𝑓𝑓 = 2.0%, respectively).
For GFRP-RC beam 120-#4HM-2.0-I1.1, the strain gauges failed prior to the recording of
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maximum dynamic strain. Thus, linear regression analysis was carried out by increasing the
post-cracking dynamic strain up to approximately 𝑡𝑡 = 0.04 s, as at this time maximum dynamic

strain occurred for the other two GFRP-RC beams with 𝜌𝜌𝑓𝑓 = 2.0%. The regression analysis

gave approximately 3.0% dynamic strain. For the remaining five GFRP-RC beams, average
dynamic strain decreased after maximum dynamic strain decreased due to the rebound effect.
3.50%
Beam 120-#3HM-1.0-I-0.355
Beam 120-#3HM-1.0-I-0.533

3.00%

Beam 120-#3HM-1.0-I-0.710
Beam 120-#4HM-2.0-I-0.550

2.50%
Dynamic Strain

Beam 120-#4HM-2.0-I-0.825
Beam 120-#4HM-2.0-I-1.1

2.00%
1.50%
1.00%
0.50%
0.00%
0

0.05
Time (s)

0.1

Fig A.16. Maximum Dynamic Strain-Time History Response of GFRP-RC Beams

A.4.2.4 Influence of Impact Energy
The effect of increasing impact energy on dynamic midspan deflection of the GFRP-RC beams
under impact loading is shown in Fig A.17. For 𝜌𝜌𝑓𝑓 = 1.0%, impact energies of 2029 J, 3043 J

and 4057 J were applied to the three GFRP-RC beams. For the GFRP-RC beams with 𝜌𝜌𝑓𝑓 =

2.0%, impact energies of 3189 J, 4783 J and 6377 J were applied to the three GFRP-RC beams.
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For both 𝜌𝜌𝑓𝑓 = 1.0% and 𝜌𝜌𝑓𝑓 = 2.0%, increasing impact energy increased dynamic midspan

deflection. For 𝜌𝜌𝑓𝑓 = 1.0%, increasing impact energy by 50% (2029 J to 3043 J), 100% (2029
J to 4057 J) and 33% (3043 J to 4057 J), dynamic midspan deflection increased by 25%, 126%
and 82%, respectively. A significant increase in the dynamic midspan deflection was observed
for higher levels of impact energy. This was also evident for the GFRP-RC beams with 𝜌𝜌𝑓𝑓 =

2.0%. For an increase in impact energy of 50% (3189 J to 4783 J), 100% (3189 J to 6377 J)

and 33% (4783 J to 6377 J), the dynamic midspan deflection increased by 84%, 254% and 93%,
respectively.
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Fig A.17. Effect of Impact Energy on Dynamic Midspan Deflection

The effect of increasing impact energy on the maximum dynamic strain of the GFRP-RC beams
under impact loading is shown in Fig A.18. For 𝜌𝜌𝑓𝑓 = 1.0%, increasing impact energy showed

to have a linearly increasing effect on the maximum dynamic strain. Increasing the impact
energy by 50%, 100% and 33%, the maximum dynamic strain increased by 15%, 30% and 13%,
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respectively. At an impact energy of 100%, the maximum dynamic strain recorded was 2.6%,
which was 22% lower than the mean rupture strain (3.18%) obtained from the preliminary
testing. However, as noted previously, the rupture of the GFRP reinforcement bars was not
evident after impact, only small signs of the splitting of fibers was evident. This illustrates that
the GFRP-RC beam could sustain higher levels of impact before total rupture of the GFRP
reinforcement bars. For 𝜌𝜌𝑓𝑓 = 2.0%, increasing impact energy by 50%, 100% and 33%
increased the maximum dynamic strain considerably more, as compared to 𝜌𝜌𝑓𝑓 = 1.0%, by 18%,
76% and 50%, respectively. At 100% impact energy, the maximum dynamic strain was
approximated to be 3% through regression analysis, which was 10% lower than from
preliminary material testing (3.30%). This is illustrated by no signs of splitting or rupture of
GFRP reinforcement fibers, since the GFRP reinforcement bars did not reach rupture strain.
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Fig A.18. Effect of Impact Energy on Maximum Dynamic Strain
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A.4.2.5 Comparative Analysis of Failure Modes under Static and Impact Loading
Experimental investigations have shown that failure modes under static and impact loading are
quite distinct. The failure mode of the GFRP-RC beams matches with the observation provided
by Saatci and Vecchio [12]. Saatci and Vecchio [12] showed that a flexure-critical RC beam
subjected to impact loading would experience shear cracking forming a shear “plug” around
the impact zone. Comparing the differences in deflections under static and impact loading
would not provide any reasonable outcomes due to the significant differences in the overall
behavior and failure mode. Thus, failure modes and behavior including crack patterns were
compared in terms of midspan deflection under static and impact loading.
For GFRP-RC beams 120-#3HM-1.0-S and 120-#4HM-2.0-S, at an energy absorption capacity
of 50%, midspan deflections were measured as 82 mm and 89 mm, respectively. At this
midspan deflection, the overall behavior of the GFRP-RC beams displayed signs of crushing of
concrete cover with predominately flexural cracks and a few flexural shear-cracks propagating
from the tensile region throughout the span of the beam. This type of behavior was also
observed for the identical GFRP-RC beams under impact loading subjected to drop hammer
heights of 355 mm (GFRP-RC beam 120-#3HM-1.0-I0.355) and 550 mm (GFRP-RC beam 120#4HM-2.0-I0.550). The minor crushing of concrete cover with flexural and flexural-shear cracks
forming from the tensile area was observed. At these drop hammer heights, midspan deflections
were measured as 75 mm and 73 mm, for GFRP-RC beams 120-#3HM-1.0-I0.355 and 120#4HM-2.0-I0.550, respectively. At 50% energy absorption capacities, the failure modes of the
GFRP-RC beams were similar regardless of static or impact loading, resulting in relatively
similar midspan deflections.
At higher energy absorption capacities, it was observed that failure modes and crack
propagation had similar and distinctive differences under static and impact loadings. For GFRPRC beam 120-#3HM-1.0-S, at 75% energy absorption capacity, the overall failure was
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predominately flexural critical with flexural-shear cracks and crushing of concrete cover on
both sides of the loading cell. Also, similar behavior was observed for GFRP-RC beam 120#3HM-1.0-I0.533, with the main differences being more localized concrete crushing around the
impact zone and rupture of the tensile concrete cover which resulted in the exposure of the
tensile GFRP reinforcement bars. Overall, behavior was noticed to be alike and due to the
similarities in failure modes, measured deflections were similar. For GFRP-RC beam 120#3HM-1.0-S, at 75% energy absorption capacity, midspan deflection was measured as 106 mm,
compared to 93 mm under impact loading for GFRP-RC beam 120-#3HM-1.0-I0.533. However,
failure modes for GFRP-RC beam 120-#4HM-2.0-S, at 75% energy absorption capacity and
GFRP-RC beam 120-#4HM-2.0-I0.825 were very different. GFRP-RC beam 120-#4HM-2.0-S
at 75% energy absorption capacity exhibited a flexural failure with concrete crushing on the top
surface. The GFRP-RC beam 120-#4HM-2.0-I0.825 experienced localized crushing of the
concrete cover, exposing the compressive GFRP reinforcement bars. Furthermore, rupture of
tensile concrete cover occurred, causing cracks to widen, with the addition of minor inclined
shear cracking around the impact zone. None of this behavior was observed for GFRP-RC beam
120-#4HM-2.0-S, at 75% energy absorption capacity, except for the concrete crushing of the
cover. As a result of the differences in failure modes, the failure mode developed by GFRP-RC
beam 120-#4HM-2.0-I0.825 displayed a higher midspan deflection, 139 mm, compared to 116
mm for GFRP-RC beam 120-#4HM-2.0-S at 75% energy absorption capacity.
At 100% impact energy (GFRP-RC beam 120-#3HM-1.0-I0.710 and GFRP-RC beam 120#4HM-2.0-I1.1), failure was described as a flexural failure. Localized damage around the impact
zone, with severe rupture of the tensile concrete cover and crushing of compressive concrete
cover, was observed. Very few cracks developed along the span of the beam, with these cracks
predominately inclined shear cracks around the impact zone. Permanent deformation was also
evident after the removal of the drop hammer. This caused the GFRP-RC beams to have
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dynamic midspan deflections of 175 mm for GFRP-RC beam 120-#3HM-1.0-I0.710 and 250 mm
for GFRP-RC beam 120-#4HM-2.0-I1.1. Under static loading, at 100% energy absorption
capacity, flexural cracks and flexural-shear cracks were evident along the span of the GFRPRC beams, with the crushing of compressive concrete cover and rupture of tensile concrete
cover. This type of failure mode resulted in midspan deflections of 128 mm and 140 mm for
GFRP-RC beams 120-#3HM-1.0-S and 120-#4HM-2.0-S, respectively. Fig A.19 compares the
crack pattern for the GFRP-RC beam with 𝜌𝜌𝑓𝑓 = 1.0% at different energy absorption capacities
under static loading and impact loading. Fig A.20 compares the crack pattern for the GFRP-RC

beam with 𝜌𝜌𝑓𝑓 = 2.0% at different energy absorption capacities under static and impact loading.
Static Loading

Impact Loading

(a) At 50% Energy Absorption

(b) At 75% Energy Absorption
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(c) At 100% Energy Absorption

Fig A.19. Failure Modes of GFRP-RC Beams (𝜌𝜌𝑓𝑓 = 1.0% and 𝑓𝑓′𝑐𝑐 = 120 MPa) under Static
and Impact Loading

Static Loading

Impact Loading

(a) At 50% Energy Absorption

(b) At 75% Energy Absorption
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(c) At 100% Energy Absorption

Fig A.20. Failure Modes of GFRP-RC Beams (𝜌𝜌𝑓𝑓 = 2.0% and 𝑓𝑓′𝑐𝑐 = 120 MPa) under Static
and Impact Loading

A.4.2.6 Dynamic Amplification Factor (DAF)
A Dynamic Amplification Factor (DAF) was obtained for the GFRP-RC beams. The DAF is
defined as the ratio of the experimental dynamic moment capacity (𝑀𝑀𝑑𝑑 ) to the experimental

static moment capacity (𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ). Dynamic moment capacity was calculated using Equation (1).

The 𝑅𝑅1 (𝑡𝑡) was assumed as half the impact force, that is 𝑅𝑅1 (𝑡𝑡) = 𝐼𝐼(𝑡𝑡)/2. Thus simplifying
Equation (1), 𝑀𝑀𝑑𝑑 = 𝐼𝐼(𝑡𝑡)/2, where 𝐿𝐿 = 2000mm. Static moment capacities (𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) were

calculated based on energy absorption capacity. That is for GFRP-RC beam 120-#3HM-1.0-S,
at 50%, 75%, and 100% energy absorption capacity, static moment capacities were calculated
as 21 kN.m, 23 kN.m and 23 kN.m, respectively. For GFRP-RC beam 120-#4HM-2.0-S, at
50%, 75%, and 100% energy absorption capacity, static moment capacities were measured as
30 kN.m, 32 kN.m and 35 kN.m, respectively. Table A.4 reports the dynamic and static moment
capacities of the GFRP-RC beams. Overall, an average DAF was calculated as 1.17. An average
of 17% higher capacities under dynamic loading was obtained, indicating higher reserve
capacity for the GFRP-RC beams under impact loading as compared to static testing. However,
a DAF could not be obtained for GFRP-RC beams 120-#3HM-1.0-I0.710 and 120-#4HM-2.0-I1.1
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since they totally collapsed, and thus dynamic moment capacity was not calculated. A time
history of dynamic moment capacity for GFRP-RC beam 120-#4HM-2.0-I0.825 is shown in Fig
A.21.
𝑀𝑀𝑑𝑑 (𝑡𝑡) =

200

2𝐿𝐿
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2
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Fig A.21. Dynamic Moment -Time History Response of GFRP-RC Beam 120-#4HM-2.0I0.825 under Impact Loading

Table A.4: Dynamic Amplification Factor (DAF)

120-#3HM-1.0-I0.355

𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (kNm)
21

𝑀𝑀𝑑𝑑 (kNm)
25

DAF

120-#3HM-1.0-I0.533

23

27

1.17

120-#3HM-1.0-I0.710

23

*

*

120-#4HM-2.0-I0.550

30

33

1.10

120-#4HM-2.0-I0.825

32

39

1.22

120-#4HM-2.0-I1.1

35

*

*

GFRP-RC Beam

Mean

1.19

1.17

Note: * DAF could not be calculated since GFRP-RC beams totally collapsed under impact
loading and dynamic load-time history response was inconclusive.
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A.4.2.7 Verification of the failure modes of the beams based on ACI [4]
The design code ACI [4] provides equations to calculate the nominal shear strength of a GFRPRC. The nominal shear strength of a GFRP-RC beams is the sum of the contribution of concrete
to shear and the contribution of the steel stirrups to shear. Therefore, the nominal shear strength
values of the beams tested under impact loading were presented in Table A.5. To calculate the
maximum experimental shear forces, the equilibrium of dynamic forces was used [12].
According to Saatci and Vecchio [12], during the first few milliseconds of impact, the inertia
load and impact load coincide. Since the accelerations were not measured in these experiments,
the inertia load was assumed to equal the impact load during the first 3 milliseconds of impact,
when the maximum impact load takes place. The maximum experimental shear force was then
calculated and presented in Table A.5. It can be observed that when the nominal shear strength
of the beam was larger than the experimental maximum shear force, the failure mode was
flexure. Moreover, when the experimental shear force was very close to the shear capacity of
the beam, flexure-shear failure was observed. Therefore, the high shear capacity of the GFRPRC beams with UHSC prevented the dominant shear failure in the beams.
Table A.5: Verification of failure modes of the GFRP-RC beams under impact loading

GFRP-RC Beam

120-#3HM-1.0-I0.355
120-#3HM-1.0-I0.533

Nominal shear
Maximum
strength
experimental
as per ACI [4]
shear force
(𝑉𝑉𝑛𝑛 )
(kN)
(kN)
27.4

Flexure

37.6

Flexure

120-#3HM-1.0-I0.710

49.2

Flexure-shear

120-#4HM-2.0-I0.550

35.8

Flexure

51.2

Flexure-shear

60.4

Flexure-shear

120-#4HM-2.0-I0.825

51.9

Failure mode

55.2

120-#4HM-2.0-I1.1
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A.4 Conclusions
An experimental program consisting of twelve simply supported GFRP bar reinforced concrete
beams (GFRP-RC beams) subjected to static and impact loadings has been carried out. The
behavior of GFRP-RC beams with varying reinforcement ratio and concrete strengths (HSC
and UHSC) have been investigated. The following conclusions have been drawn based on the
observations from the experimental results:
5. The failure mode of GFRP-RC beams under static loading (three-point bending) can be
determined using sectional analysis used for beams reinforced with steel reinforcement bar. For
the GFRP-RC beams with more than balanced reinforcement (over-reinforced), failure was
caused by crushing of concrete cover. For the GFRP-RC beams with less than balanced
reinforcement ratio (under-reinforced), failure was observed to be caused by GFRP
reinforcement rupture.
6. Load-midspan deflection behavior of GFRP-RC beams under static loading (three-point
bending) showed a bi-linear response. The first part of the bi-linear response represented an
uncracked section and the second part represented a crack section with a reduction in the
bending stiffness. The over-reinforced GFRP-RC beams displayed signs of pseudo “ductility”,
where the beams were able to resist load before total collapse. The under-reinforced GFRP-RC
beams which failed suddenly by rupture of GFRP reinforcement, resulting in no reserve
capacity. The design recommendation for concrete beams reinforced with FRP bars [24] was
found to be very conservative, under-predicting the load carrying capacity by an average of
37% for the GFRP-RC beams under static loading.
7. The effect of HSC and UHSC was found to influence the overall behavior of GFRP-RC
beams under static loading (three-point bending) in terms of load carrying capacity, deflection,
and post-cracking bending stiffness. For the GFRP-RC beams with the tensile longitudinal
reinforcement ratio of 0.5% (𝜌𝜌𝑓𝑓 = 0.5%), the increase in the concrete strength from 95 MPa to
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117 MPa, the load carrying capacity increased by 8% (15 kN to 16.2 kN). The small increase
in load carrying capacity is because these GFRP-RC beams are designed as under-reinforced
and hence the failure is governed by the tensile strength of the GFRP bars. For GFRP-RC beams
with 𝜌𝜌𝑓𝑓 = 1.0% and 𝜌𝜌𝑓𝑓 = 2.0%, load carrying capacity increased by 27% (33 kN to 41.8 kN)

and 13% (46.1 kN to 52.2 kN), respectively, for the increase in the concrete compressive
strength from 95 MPa to 117 MPa. However, increasing concrete strength increased midspan

deflection for the GFRP-RC beams with 𝜌𝜌𝑓𝑓 = 1.0% and 𝜌𝜌𝑓𝑓 = 2.0% by 17% and 10%,
respectively. In terms of post-cracking bending stiffness, for the GFRP-RC beams with 𝜌𝜌𝑓𝑓 =

1.0%, stiffness increased 10% for a change in concrete strength from HSC (95 MPa) to UHSC

(117 MPa). At higher reinforcement ratios (𝜌𝜌𝑓𝑓 = 2.0%), concrete strength (HSC and UHSC)
did not improve the post-cracking bending stiffness.

8. Under impact loading, the UHSC GFRP-RC beams displayed a change in failure, from shear
to a flexural failure. This was a result of using Ultra High Strength Concrete (UHSC) as opposed
to Normal Strength Concrete (NSC) or HSC. Flexural cracking around the impact region with
the crushing of concrete cover was observed. Flexural-shear cracks were observed closer to the
supports. However, the GFRP-RC beams under static loading failed in a flexural response.
Thus, the shear behavior of flexure-critical GFRP-RC beams must be considered when
designing structures subjected to impact loads.
9. The increase in impact energy increased the dynamic midspan deflection of the GFRP-RC
beams. At lower levels of impact energy, for the same amount of reinforcement dynamic
deflections were found to be similar. However, at very large levels of impact energy, a
significant increase in the dynamic deflection was observed. Also, by increasing impact energy
by 50%, 33% and 100%, the dynamic strain in the GFRP reinforcement bars increased
approximately linearly, especially for a reinforcement ratio of 𝜌𝜌𝑓𝑓 = 1.0%. The average
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dynamic amplification factor was 1.17.
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